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Abstract
The two wide band gap dilute magnetic semiconductors (DMS) Gd:GaN and Co:ZnO
are among the most favored materials for spintronic applications. Despite intense
research efforts during the last years, the origin of the magnetic order is still under
debate. This work reports structural and magnetic investigations on these DMS
materials employing several complementary techniques. The X-ray linear dichro-
ism (XLD) has been used to gain element-specific insight into the local structure
of dopants and cations. X-ray diffraction (XRD) was used to probe the global
structural properties. Magnetic characterization by superconducting quantum in-
terference device (SQUID) has been complemented by electron spin resonance (ESR)
and X-ray magnetic circular dichroism (XMCD).
Gd:GaN samples were fabricated by focused-ion-beam (FIB) implantation and
molecular beam epitaxy (MBE). Room temperature ferromagnetic-like behavior as
found for some of our samples by SQUID could not be reliably reproduced. In-
stead XMCD measurements at the Gd L3-edge reveal paramagnetic behavior of the
dopant. Additionally a possible magnetic polarization of Ga atoms of the host crys-
tal is shown to be too small to explain the total magnetization of these samples. In
some samples the formation of Gd and GdN clusters was evidenced by ESR mea-
surements but it can only account for low temperature ferromagnetic-like behavior.
Intrinsic room temperature ferromagnetism of this material as seen by SQUID can-
not be confirmed by any other technique - neither ESR nor XMCD.
Co:ZnO samples used for this work were predominantly grown by reactive mag-
netron sputtering (RMS). As shown by XLD analysis, 95% of the Co atoms are
incorporated on substitutional Zn-sites in samples of best structural quality. These
samples consistently show paramagnetic behavior as found by SQUID, XMCD and
ESR. RMS growth of Co:ZnO with reduced oxygen partial pressure yields a mag-
netic behavior known from ferromagnetic nanoclusters. The X-ray absorption near
edge spectroscopy (XANES) and XMCD at the Co K-edge support an increased
fraction of Co atoms with metallic character in these samples. A reduced XLD sig-
nal indicates less substitutional Co-atoms. These samples were subject to annealing
procedures either conducted under O2 atmosphere or high vacuum (HV) conditions.
While the latter strongly enhances ferromagnetic-like properties, they vanish upon
O2 annealing. XANES and XLD analyses show that non-substitutional Co atoms
are oxidized to Co3O4 by annealing in an O2 atmosphere, whereas HV annealing
increases the fraction of a metallic Co phase. ESR measurements consistently show
signatures of superparamagnetic ensembles at elevated temperatures (> 60 K) and
isotropic spectra of blocked magnetic moments of nanoparticles at low temperatures.
Samples of high structural quality, i.e. with a large fraction of substitutional Co,
are inert to annealing procedures.
Zusammenfassung
Die beiden verdünnten magnetischen Halbleiter (DMS), Co:ZnO und Gd:GaN, gehö-
ren zu den favorisierten Materialien für mögliche Spintronik-Anwendungen. Trotz in-
tensiver Forschung während der letzten Jahre ist die Art des intrinsischen Magnetis-
muses dieser Materialen nach wie vor umstritten. Der Gegenstand dieser Arbeit sind
strukturelle und magnetische Untersuchungen dieser Materialen mit unterschiedli-
chen, komplementären Methoden. In Ergänzung der Röntgendifraktometrie (XRD)
wurde der Röntgen-Linear-Dichroismus (XLD) genutzt, um elementspezifisch lokale
strukturelle Informationen über Dotieratom und Wirtskation zu erhalten. Die ma-
gnetische Charakterisierung mittels SQUID-Magnetometrie wurde durch Messung
der Elektronenspinresonanz (ESR) und des Röntgenzirkulardichroismus (XMCD)
komplettiert.
Im Falle desGd:GaN wurden Gd-Ionen implantierte wie auch per Molekularstrahle-
pitaxie (MBE) gewachsene Proben untersucht. Bei 300 K zeigten nur wenige Pro-
ben scheinbar ferromagnetisches Verhalten in SQUID-Messungen, welches allerdings
nicht zuverlässig reproduziert werden konnte. Stattdessen konnte an der Gd L3-
Kante mittels XMCD paramagnetisches Verhalten des Dotieratoms nachgewiesen
werden. Ergänzend konnte gezeigt werden, dass eine mögliche magnetische Polari-
sation des Ga-Untergitters im Wirtskristall zu gering ist, um die Gesamtmagneti-
sierung der Probe zu erklären. Somit müssen extrinsische Ursachen für gelegentliche
ferromagntische Signaturen in integralen Magnetisierungsmessungen in Betracht ge-
zogen werden. Phasenseparation, verursacht durch Gd und GdN Nanocluster, wurde
durch ESR Messungen in einigen Proben nahe gelegt, kann aber ferromagnetisches
Verhalten lediglich bei tiefen Temperaturen in dem Material erklären. Intrinsischer
Ferromagnetismus bei Raumtemperatur von Gd:GaN konnte weder mit ESR noch
mit XMCD bestätigt werden.
Die Co:ZnO Proben dieser Arbeit wurden vorwiegend durch reaktives Magnetron-
sputtern (RMS) hergestellt. 95% der Co Atomen besetzen substitutionelle Zn-Plätze
in Proben von höchster struktureller Qualität. Diese Proben zeigen übereinstim-
mend paramagnetisches Verhalten in SQUID-, XMCD- und ESR-Messungen. RMS
Wachstum unter reduziertem O2-Partialdruck induziert magnetisches Verhalten, wie
es von ferromagnetischen Nanoclustern bekannt ist. Röntgennahkantenabsorptions-
spektren (XANES) und XMCD bestätigen einen erhöhten metallischen Co Anteil in
diesen Proben. Entsprechend ist das XLD Signal, welches ein Maß für substitutio-
nelles Co darstellt, reduziert. Zusätzlich wurden diese Proben unter Sauerstoffatmo-
sphäre oder Hochvakuum (HV) getempert. Während Letzteres die ferromagnetischen
Eigenschaften der Proben verstärkt, führt das O2-Tempern zu einem Verschwinden
der ferromagnetischen Signaturen. XANES und XLD Analysen zeigen, dass nicht-
substitutionelle Co Atome bei dem Tempern unter O2-Atmosphäre zu Co3O4 oxi-
diert werden, wohingegen HV-Tempern eine Erhöhung des metallischen Co Anteils
bewirkt. ESR Messungen bei erhöhter Temperatur (> 60 K) zeigen übereinstimmend
Spektren, welche für superparamagnetische Ensembles charakteristisch sind. Isotro-
pe ESR-Spektren von geblockten magnetischen Momenten von Nanopartikeln wer-
den hingegen bei tiefen Temperaturen beobachtet. Proben von hoher struktureller
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Considering the impact of technological progress on every day’s life during the last
decades, the micro-technological revolution – in particular the miniaturization of
transistors – is undoubtedly the most impressive development, since it has led to
the computerization of our environment. It is associated with enormous advances
in the understanding and fabrication of semiconductor structures. Up to now the
electron’s charge is the only physical property utilized for data processing. The use
of the electron’s second fundamental property – the spin – has been limited to data
storage where ferromagnetic materials have been used since the twenties of the last
century. Also these applications have undergone an impressive development con-
cerning data density from data tapes over floppy discs to hard disc drives during
the last decades. The capacity of the latter has increased by almost two orders of
magnitude every ten years since 1980 [1, 2].
With the amazing increase of bit density on hard disc drives the electron spin has
come more into the focus. One can consider the giant magnetoresistance (GMR) -
based read heads as a first commercial success of a technological field nowadays
known as spintronics. Consequently A. Fert and P. Grünberg have received the No-
bel prize for the discovery of the GMR [3, 4] effect in 2007. A related effect – the
tunneling magnetoresistance (TMR) – has resulted in a further improvement of the
performance of modern hard discs [5, 6].
The enhanced miniaturization of micro electronics has lead to very high energy den-
sities on today’s integrated circuits making cooling a severe issue. Extrapolation of
Moore’s law [7], which actually describes the miniaturization phenomenologically,
reaches inevitably fundamental physical barriers [8]. The prospect to overcome some
of these by low power spin-based data processing has driven numerous research ef-
forts during the last years.
Several suggestions to implement the electron’s spin in electronics have been re-
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ported since the discovery of the GMR [9, 10]. Besides the reduced power con-
sumption of spin-based electronics also unprecedented flexibility of logic devices is
envisionaged [11].
One of the major challenges of implementing the spin into processing circuits is the
transfer of spin polarization from one material to another. Successful spin injection
between metals has been demonstrated by Johnson and Silsbee et al. [12, 13]. The
first injection of spin polarized electrons into a semiconductor at room temperature
was reported by Zhou et al. [14]. Effects of spin polarization on radiative carrier
recombination in a light emitting diode (LED) was demonstrated by Hanbicki et
al. [15].
However, one of the remaining problems of a potential spintronic device is the con-
servation of a spin polarization within a semiconductor. Naturally, a ferromagnetic
semiconductor with intrinsic spin polarization would be the material of choice.
Such ferromagnetic semiconductors are known since the sixties of the last century.
The first report by Matthias et al. [16] demonstrated ferromagnetic behavior of EuO
below a Curie-temperature (TC) of 70 K, certainly not suitable for device applica-
tion. Nowadays it is known as one of the rare semiconducting oxides exhibiting ferro-
magnetism. It is considered to be a narrow bandgap (1.2 eV) semiconductor, which
crystallizes in the rocksalt (fcc) structure with a lattice constant of 5.144 Å [17].
Higher TC ’s are reported for dilute magnetic semiconductors (DMS) where the
dopant induces a carrier mediated long range magnetic order [18]. Mn doped GaAs
can be considered to be one of the best studied materials [19] with a TC of up to
173 K [20].
Within the search for room temperature ferromagnetism in magnetically doped semi-
conductors a work of Dietl et al. [21] has sparked considerable research efforts on
semiconductors with band gaps larger than 3 eV, especially GaN and ZnO. Wide
band gap semiconductors have already attracted a lot of interest apart form poten-
tial use as DMS . Sophisticated doping of – in particular GaN – has recently led to
light emitting diodes of unprecedented performance. The large energy separation
between valence band and conduction band results in very low dark currents and
thermal leakage in respective devices. Electron and hole mobilities are significantly
altered compared to narrow band gap semiconductors. High power amplifiers, CCD
devices, lasers and diodes can benefit from these properties.
Two types of wide band gap semiconductors are at the focus of this work, namely
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the III-V semiconductor GaN and the II-VI semiconductor ZnO. In case of GaN the
rare earth ferromagnet Gd is chosen as dopant whereas for ZnO the 3d ferromagnet
Co is used as dopant. Both materials Gd:GaN and Co:ZnO 1 have been frequently
reported to exhibit the desired ferromagnetic properties at 300 K. First claims date
back to the year 2002 and 2001, respectively [22, 23]. Despite these reports of ferro-
magnetism at room temperature in both types of DMS , eight years later the claims
still remain highly controversial [24, 25] and applications in first devices are still
lacking.
All Gd:GaN samples used in this work were provided by collaborators. Growth de-
tails are given in the appendix or, if necessary, in the respective chapter. Co:ZnO
films were predominantly grown by reactive magnetron sputtering. Either by sput-
tering from composite targets or by simultaneous sputtering from a triple magnetron
cluster. Additionally, Co:ZnO samples grown by different methods were provided
by collaborators. Details are given in the appendix B.
Most of the early works on Gd:GaN and Co:ZnO concentrate on the growth and
structural characterization of the new materials. The magnetic investigation is typ-
ically limited to superconducting quantum interference device (SQUID) measure-
ments [26, 27], which at that time were considered to be sufficient to undoubtedly
prove ferromagnetism.
The goal of this work is to clarify the origin and possible intrinsic mechanism of
the magnetism of theses materials. To account for this, both materials have been
investigated much more comprehensively. The SQUID magnetometry is comple-
mented by magnetic resonance and X-ray magnetic circular dichroism (XMCD)
measurements. The standard structural investigations by X-ray diffraction (XRD)
have been extended by X-ray absorption near edge spectroscopy (XANES) measure-
ments conducted with linear polarized light, exploiting the X-ray linear dichroism
(XLD) .
Besides the intrinsic element specificity of synchrotron based spectroscopies the lat-
ter method offers insight into the local environment of the probed atoms [28] – an
information which can hardly be achieved by other techniques.
Synchrotron light was also used for magnetic characterization by XMCD measure-
ments. Like the XLD investigations the XMCD was predominantly measured at
the K-edge of respective elements. The disadvantage of probing a smaller signal
1Throughout this work the notation “X:Y” is used for a material Y doped with X.
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than at the L-edge was compensated by the bulk sensitivity of hard X-rays. The
latter enables information gain from the entire sample – especially in conjunction
with integral SQUID data – in contrast to surface sensitive soft X-ray measurements.
Magnetic resonance was used as a second integral magnetization measurement method
for this work. Intense scientific efforts have been undertaken to understand the spin’s
behavior under various conditions, since the experimental verification of it by the
Stern-Gerlach experiment [29]. The magnetic resonance measurements have been
one of the most powerful tools of magnetic examination for a long time. Numerous
measurements have been conducted on transition metal doped host crystals in the
mid of the last century. Thanks to sophisticated simulation tools it is nowadays even
used in Biology to understand complex molecules. By use of a cavity the sensitivity
of this method can be enhanced by orders of magnitude. Even a single atomic layer
of a ferromagnetic material [30] can be detected. Recently developed local methods
can sense down to 106 spins [31]. The high sensitivity makes magnetic resonance a
valuable tool for the verification of ferromagnetism. Magnetic resonance measure-
ments on DMS are reported for example for Mn:GaAs [32].
This work is structured as follows: In the first chapter some general remarks and
theoretical background will be given. Naturally the treatise will be fragmentary
and limited to mentioning the most important points. A second chapter introduces
the experimental techniques used in this work in more detail. Some specialized
knowledge which will be important in the discussion sections is provided. The third
chapter will present experimental results on non-interacting paramagnetic impurities
in substrates or host crystals which can be interpreted as limit of ultimate dilution
in DMS . The results of both materials, Gd:GaN and Co:ZnO, are treated in indi-
vidual chapters in this work, respectively. Finally, a summary and a short outlook
is given compiling the most important results and presenting some new questions
arising form the conclusions of this work.
Chapter 1
Theoretical background
The purpose of this chapter is to provide the reader with the most essential back-
ground knowledge needed for this work. A comprehensive introduction into these
fields of science is beyond the scope of this work. The reader is referred to the given
references for further studies.
1.1 Basics of magnetism
It is still a wide spread misconception that the rules of quantum mechanics do not
influence our daily life. Magnetism might be the best example to prove the opposite,
considering the Bohr-van Leeuwen theorem which states the non-existence of it if
only classical equations are considered [33].
The three basic types of magnetism are best distinguished by the response of a mate-





Inside a material inner fields add to the applied field H ; therefore one defines the
magnetic induction B:
B = µ0(M +H) = µ0(χH +H) = µ0 (1 + χ)︸ ︷︷ ︸
µ
H (1.2)
With µ0 being the vacuum permeability and µ the permeability of the material. The
coexistence of magnetic fields H and B are a constant source of misconceptions and
need clarification even nowadays [34].
For diamagnetism χ is negative which can be phenomenologically understood as
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the reduction of the outer field by magnetic moments caused by induced currents.
Even though this perception is actually wrong [35] one can derive a formula for the
diamagnetic moment of an atom identical to the quantum mechanical solution. The
Langevin diamagnetic moment is given by [36]:
µdia = −e
2 < r2 >
6mec2
B (1.3)
With r being the radial coordinate of the electron, e the electron charge, me the
electron mass, c speed of light and B the applied field.
Diamagnetism is intrinsic to all atoms. A perfect diamagnetic response is realized
by superconductors, where χ = −1, which describes the complete expelling of the
external field by building up an opposite field 1. If diamagnetism is not apparent in
magnetization measurements the effect is covered by other types of magnetism.
Paramagnetism describes the alignment of existing magnetic moments (e. g. from
unpaired electrons) in the direction of the external field. The resulting B-field is
enhanced and therefore χ > 0.
From the Hamiltonian of an atom in a magnetic field one can derive the paramagnetic
contribution:
Hpara = µBgJ ~J ~B (1.4)
gJ is typically calculated by the Landé formula, which assumes S, L, and J to
commute with H (Russel-Saunders coupling).
gJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)
2J(J + 1)
(1.5)
The quantum number mJ of the angular momentum J can vary between -J and J.











The free energy of the system is thus:
F = E − TS = NkBT lnZ (1.7)
1This strictly only accounts for so called type I superconductors.
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With E being energy, T temperature, S entropy and N the number of particles. This
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Note that for T = 0 equation 1.9 results in an immediate saturation of the magne-
tization of a paramagnet in case of an external magnetic field.
The detailed derivation of the Brillouin function makes use of a conversion of the
partition sum into a geometric series and can be found in standard textbooks [37].
In the limit of J →∞ equation 1.9 converges towards the Langevin function:
L(y) = coth(y)− 1
y
(1.11)
The magnetic behavior of single domain nanoparticles is typically described using
the Langevin function in conjunction with superparamagnetism.
For the following chapters it is important to stress that the Brillouin function fully
explains the magnetization behavior and its temperature dependence of a perfect
paramagnetic atomic system. The temperature dependence in the limit of y → 0
(gJµBJB << kBT ) is known as Curie law:
χ(T ) ∝ 1
T
(1.12)
The term “perfect paramagnetic atomic system” implies a large separation of the
ground state of the atom to the excited electron states. If this is not the case
excited electron states with different J can perturb the ground state leading to a
paramagnetic behavior. The respective paramagnetism was first described by Van
Vleck [36]:
χV anV leck ∝
∑
m=1,2..
< m|Lz + gSz|0 >
Em −E0 > 0 (1.13)
Besides types of dia- and paramagnetism mentioned so far there are special variants
of magnetism of the conduction electrons in metallic systems (i. e. Pauli Paramag-
netism) which will be not described here since they are supposed to play a minor
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role for DMS . Typically |χ| << 1 for dia- as well as paramagnetism.
The latter changes for ferromagnetism (and ferrimagnetism). The competition
between Coulomb force and the Pauli exclusion principle can result in long range
order of magnetic moments within the material. This mechanism can lead to χ in the
order of 103 to 104 and therefore completely dominates the other types of magnetism
at elevated temperatures. Respective M(H) curves present no longer a functional
dependency, since they depend on the magnetic history of the sample. This hys-
teretic behavior changes above a characteristic temperature – the Curie temperature
(TC) – where thermal excitations result in a breakdown of the long range magnetic
order. In the special case of antiferromagnetism the exchange interaction leads to
neutralization of existing magnetic moments by antiparallel alignment which results
in a zero macroscopic magnetization.
The temperature dependent magnetism governed by exchange coupling is character-
ized by the order temperature. At higher temperatures thermal excitations become
stronger than the coupling and the materials become paramagnetic 2.
1.2 Wide band gap semiconductors ZnO and GaN
The two compound semiconductors GaN and ZnO have already been subject of
intense research efforts because of their advantageous properties for optoelectronic
devices. In particular the progress of LED should be mentioned. Besides the wide
band gap of both semiconductors of ≈ 3.4 eV [38, 39] and a similar crystal struc-
ture, some differences beyond the different valences of the constituents should be
mentioned.
In consideration of proposed mechanisms (“carrier mediated”) of the magnetism of
DMS like Gd:GaN and Co:ZnO the almost three times higher exciton binding en-
ergy of ZnO (60 meV) compared to GaN (24 meV) has to be mentioned [40, 41].
In addition the high quality bulk substrates and ease of wet etching of ZnO make
it preferable to GaN [42]. However, the most relevant obstacle for spintronic ap-
plications of ZnO is the problem of the reliable p-type doping, even though it has
been already claimed in 2004 [43]. Up to now the reason for the n-type character of
ZnO is under debate. Hydrogen atoms introducing shallow donor states have been
recently reported to severely hamper p-type doping [44]. The fabrication of GaN did
2Curie-temperature (ferromagnet), Néel-temperature (antiferromagnet)
















Figure 1.1: Wurtzite crystal structure of ZnO. Each atom is bound tetrahedrally to
four atoms of the other kind. In a) the Oxygen and Zinc terminated surfaces are
visible. b) visualizes the hexagonal character of the structure (top view of a)). The
black box shows the unit cell. The dotted line indicates the hexagon of atoms of the
same layer. c) depicts the bonding angels.
benefit from the improvement of growth techniques at the end of the last century.
Earlier attempts failed due to the large lattice mismatch of GaN to most of the
common substrates (e.g. sapphire). Indirectly this influenced the growth of ZnO
since this material was reported of be successfully grown on sapphire when includ-
ing a GaN buffer layer [40]. 6H-SiC has also proven to be a suitable substrate for
the high quality GaN growth, but the high conductivity of typical SiC compromise
applications [45].
property Gallium nitride Zinc oxide
formula GaN ZnO
appearance yellow/greenish white/greenish
density 6.15 g/cm3 5.606 g/cm3
molar mass 83.73 g/mol 81.41 g/mol
melting point >2500 ◦C 1975 ◦C
Table 1.1: General properties of GaN and ZnO
1.2.1 Wurtzite crystal structure of ZnO
So far ZnO is known in three crystal structures: zincblende, rocksalt and wurtzite
[38]. The first two structures are rarely realized since they need either very high
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a(Å) c(Å) c/a u method
3.2496 5.2042 1.6018 0.3819 XRD
3.2501 5.2071 1.6021 0.3817 XRD
3.286 5.241 1.595 0.383 ab initio LCAO
3.2498 5.2066 1.6021 EDXD
3.2475 5.2075 1.6035 XRD
3.2497 5.206 1.602 powder XRD
Table 1.2: Measured and calculated lattice values for the wurtzite structure of ZnO
taken from [38] and references therein.
pressure or uncommon substrates. Under ambient conditions the wurtzite phase is
energetically favorable. This structure is composed of two interpenetrating hexago-
nal closed packed sublatices of cation (Zn2+) and anion(O2−) stapled ABAB. . . along




a with a the lattice constant of the hexag-
onal unit cell. Figure 1.1 shows side and top view of a wurtzite crystal. In a) the
oxygen and Zinc surfaces become obvious. In b) the hexagonal character of the
structure is pronounced. The black prism shown in both graphics represents the
unit cell which consists of two atoms of each kind. The symmetry of ZnO is often
referred to as C6v [38] whereas it is clear form 1.1 b) that a rotation of π/3 lead to
altered atom positions of the layer above/below, respectively. Due to the tetrahedral
bonding configuration, the crystal environment of each individual atom has a C3v
symmetry [38, 46, 47].
Figure 1.1 c) shows a close up of the lattice structure with the bonding angles α and
β (109.070◦ in an ideal wurtzite crystal). The dimensionless u-parameter is defined







= 0.375 (in ideal wurtzite structure) (1.14)











The real ZnO crystal deviates from the ideal wurtzite structure and the u-parameter
is often used to quantify this deviation.
Table 1.2.1 compiles experimental results for the ZnO lattice by XRD and energy
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a(Å) c(Å) c/a u reference(year)
3.18 5.18 1.62 - [48] (1938)
3.189 5.185 1.625 - [45] (1992)
3.28940 5.18614 1.62606 0.3789 [49] (2004)
3.18926 5.18523 1.6258 - [50] (2007)
Table 1.3: Lattice values for the GaN wurtzite structure. The last digits of the two
bottom rows are still under debate [50].
dispersive x-ray diffraction (EDXD) as well as ab initio theoretical calculation based
on a linear combination of atomic orbitals (LCAO) .
1.2.2 Wurtzite crystal structure of GaN
The second host material for DMS – namely GaN – in this work has the same
crystal structure like ZnO. Ga3+ and N3− are placed similar to ZnO on tetrahedral
coordinated lattice cites for cation and anion, respectively. The bonds in this III-V
semiconductor are much more covalent and not predominantly ionic like in II-VI
systems.
GaN is also known in Zinc-blende structure. Wurtzite structure and Zincblende
structure differ only by the stacking sequence of the layers which is ABA. . . and of
ABCA. . . for the cubic phase. Table 1.3 gives exemplarily some experimental results
for lattice parameters of GaN in wurtzite structure.
1.3 Electron magnetic resonance
A elegant introduction to magnetic resonance is given by Charles P. Poole [51]. Es-
sential prerequisite for this phenomenon is an uncompensated magnetic moment.
Starting with the Hamiltonian describing the energy levels of an atom or a radical
containing unpaired electrons and nuclei with nonzero spin, one can discuss the dif-
ferent contributions with regard to their importance for magnetic resonance.
H = Hel +HCF +HLS +HSS +HZe +HZn +HHF +HII +HQ (1.16)
Which is actually the sum of the contributions from the electron’s kinetic and
coulomb energy (Hel), the crystal field energy (HCF ), the spin-orbit coupling (HLS),
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the spin-spin interaction (HSS), the electron Zeeman energy (HZe), the nuclear
Zeeman energy (HZn),the hyperfine energy (HHF ), the nucleus-nucleus interaction
(HII) and the quadrupolar nuclear contribution (HQ). The first part of equation
1.16 contains the kinetic and potential energy of the electrons relative to the nuclei,
including electron-electron repulsion energies. Summing up over the index i and j


















With pi = momentum of electron i, zn=atomic number and e being the electron
charge.
The energies derived from equation 1.17 are of the order of 104-105 cm−1 (≈ 1-10
eV) which affects the optical properties of atoms. Typical energies for magnetic
resonance measurements - mainly determined by the Zeeman energy - are orders of
magnitude lower. Therefore Hel plays only a minor role in magnetic resonance. The
second sub-Hamiltonian in 1.16 on the contrary is one of most important ones when







This crystal field Hamiltonian describes the surrounding electric potential within
a point charge approximation. The summation is over the Qi ionic charges and the
i electrons. It can be interpreted as a spatially anisotropic Stark effect acting on
ionic and covalent bonds. This anisotropy is the reason for the high information
gain derived from angular dependent measurements.
The spin-orbit interaction is written as:
HLS = λ~L~S (1.19)
With λ = spin-orbit coupling constant, ~L and ~S being the orbital and spin angular
momentum. L and S are coupled with magnetic moments, therefore the relevance of
this Hamiltonian for magnetic resonance is obvious. Nevertheless it plays a twofold
role, since its energy contribution is often negligible compared to the crystal field
splitting for the first series of transition elements, whereas it becomes predominant
for the rare earths.
The fourth sub-Hamiltonian in equation 1.16 describes the spin-spin interaction.
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It is rather complicate, since it can have different origins. In case of dominating




With Si,j = spin of electron i and j and
↔
Ji,j being the spin-spin exchange tensor.
Equation 1.20 gives the general expression for an anisotropic exchange interaction
of different spins with each other.
A form containing the so called “zero field splitting” parameters D and E is of
particular interest for multi-electron systems. E vanishes in case of axial crystal
symmetry, therfore it is only of interest in highly asymmetric crystals which will be








+ E(S2x − S2y) (1.21)
The zero field splitting lifts the degeneracy of energy levels and leads to various fine
structure lines in magnetic resonance. The energy of the spin-spin interaction is
frequently of the same order of magnitude like the Zeeman-energy, which leads to
strong angular dependent spectra.
It should be mentioned that the latter three Hamiltonians are strongly correlated.
A perfect cubic crystal field for example can lead to a quenched orbital moment
with in turn can lead to an isotropic spectrum because of < Lz >= 0.
The sensitivity of electron magnetic resonance measurements is typically enhanced
by the use of a resonator technique, which will be described in section 2.2. Due to
the geometrical conditions of the cavity the feasible frequency range is limited to
frequencies close to the eigenfrequency of the resonator. This in turn means that the
resonance condition of a paramagnetic center can not be obtained by change of hν.
The Zeeman Hamiltonian offers an easy possibility to ’tune’ the resonance condition
of probed atoms, ions or molecules - just by applying an external magnetic field 3.
HZe = µB ~S
↔
g ~H (1.22)
With µB being the Bohr magneton, ~B= external magnetic field, ~S = spin and
↔
g =
g-tensor containing the interaction of ~H with the orbital magnetic moment. In this
respect one can call the Zeeman term the most important for magnetic resonance
measurements.
3which is only valid for fields much weaker than the intra-atomic magnetic fields
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Analogous to the electronic Zeeman term the nuclear Zeeman term describes the
interaction of the magnetic moment of one or more than one nuclei with an external
magnetic field.
HZn = −gn µn ~H ~I (1.23)
With gn=nuclear g-factor, µn= nuclear magneton and ~I being the nuclear spin.
Since the nuclear magneton is about three orders of magnitude smaller than the
magneton of an electron this term is negligible if one deals with electron resonance.
In contrast to the previous the interaction of nuclear moments with an electron
can often be detected. Especially for molecules the interaction of an electron with
several nuclei is often described in literature and yields valuable information. The






To conclude this part the last two Hamiltonians have to be shortly addressed. Con-







- the spin-spin interaction for nuclei - is only relevant for nuclear magnetic resonance.
The last term in 1.16 appears due to the influence of the quadrupole moment of
nuclei. It originates from the inhomogeneous charge distribution of the nucleus
which leads to an electrical field which in turn interacts with the electrical field




















With Q=quadrupole moment, ∂
2V
∂z2
being electric field gradient and η=the asymme-
try parameter. It is rather rarely observed in electron spin resonance but plays a
more prominent role in nuclear resonance, electron-nuclear double resonance (EN-
DOR) or Mößbauer spectroscopy.
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Energy [cm−1] [eV]
Hel ≈ 104-105 ≈ 100-101
HCF ≈ 100-101 ≈ 10−4-10−3
HSL ≈ 10−1-102 ≈ 10−5-10−2
HSS ≈ -104 ≈ -100
HZe ≈ -100 ≈ -10−4
HZn ≈ -10−3 ≈ -10−7
HHF ≈ -100 ≈ -10−4
HII ≈ -10−6 ≈ -10−10
HQ ≈ -10−3 ≈ -10−7
Table 1.4: Overview of energy contributions to magnetic resonance and typical
values given in inverse centimeters and electron volt.
1.3.1 The splitting of Co2+-ion states in ZnO
The interaction of the magnetic ions in DMS is supposed be a key factor for devel-
oping ferromagnetism. Isolated ions will be referred to as ions without any further
interaction than the ones originating from the pure ZnO environment. Therefore
this section shows an example of splitting of energy states of isolated ions as it
is observed by electron spin resonance (ESR) or electron paramagnetic resonance
(EPR), respectively 4. The term “ideal dilute paramagnet” is often used in literature
as description but will be avoided in this work because of the possible confusions
with the term “dilute” used for DMS.
When incorporated into the wurtzite lattice of ZnO and substituting the Zn-ion the
energy levels of the divalent Co-ion change significantly due to the influence of the
surrounding ions reflected by the Hamiltonians mentioned in 1.3. Even though the
basic quantum mechanical description of crystal fields dates back to the first part
of the last century [53], it is noteworthy to point out that it is still subject to recent
research [54]. If one reduces equation 1.16 to the contributions relevant for ESR
measurements, one gets:
HS = µB ~B
↔










4Since many resonance spectra will be presented which origin might be ferromagnetic or para-

































































Figure 1.2: Qualitative energy splitting of Co2+ in ZnO [54]
Without any external influences like chemical bonds or magnetic or electric fields the
Co2+-ion with its [Ar] 3d7 electron configuration has a 4F 9
2
ground state. Therefore
also in the environment of a crystal there will be 4 × 7 = 28 (spin multiplicity ×
orbital multiplicity) states.
The influence of the crystal field of the wurtzite structure can be split into two
contributions. As shown in figure 1.2 the tetrahedral part has a Td cubic point
symmetry which causes a threefold energy state separation 5. The corresponding
ground state belongs to a S = 3
2
, 4A2 two times degenerated multiplet. Additionally
two three times degenerated exited states develop, namely 4T2 and 4T1.
As discussed in section 1.2.1 the wurtzite lattice of ZnO does not provide perfect
tetrahedral bondings. In terms of crystal fields this results in a additional trigonal
component which leads to reduced degeneracy of the exited states.
Finally the spin-orbit coupling causes the energy levels to split into Kramers dou-




states are separated by a 2D zero field
splitting. For typical X-band measurements D >> h¯ω and thus for Co2+ in ZnO
only the ms = ±12 transition is observed in ESR measurements.
So far the hyperfine interaction has been neglected. The natural abundance of cobalt
is limited to only one isotope, 57Co with a nuclear spin I of 7
2
. The electron’s wave
5neglecting the hyperfine splitting which will be discussed later on.
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function of the ground state does not vanish at the nucleus, therefore there is a
residual probability of the electron to be close enough to interact. This splits the
corresponding energy levels into 8 equally separated ones, because of the possible
half integer values of Iz from −72 to +72 . The admixture of s-like wave function
components to the ground state is anisotropic and the hyperfine splitting shows a
strong angular dependence.




A will be given in section 3.2.
Note that for the proper determination of D either optical or high field measurements
are necessary [55, 56].
1.3.2 Powderspectra
In the following the derivation of the magnetic resonance spectra of powders with
randomly oriented nanocrystals will be shortly recapitulated. The paramagnetic
centers inside the crystallites are assumed to have a uniaxial anisotropy. This model
captures the essence of Co doped ZnO powder.
The angular dependence of the resonance field for a single paramagnetic center with









This functional dependency is depicted in figure 1.3 for exemplarily chosen values
of Bres‖ and Bres⊥. Without loss of generality Bres‖ > Bres⊥(g‖ < g⊥) is assumed.
With increasing difference of the two field values, namely the anisotropy, the peaks




 Bres‖ in case of θ = n · πBres⊥ = 0 in case of θ 6= n · π (1.30)
This makes already clear that in case of a integration over a random orientation
of the nanoparticles with respect to the applied field only Bres⊥ will significantly
contribute to the signal.
The drawing in figure 1.3 depicts the mathematical considerations for a more quan-
titative analysis. A random orientation of the paramagnetic center means that the
density of magnetic moments on the given sphere should be constant. The fraction
of the surface of a differential slice of the sphere with respect to the whole sphere
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Figure 1.3: Angular dependence of resonance field in case of uniaxial anisotropy.
The different pairs of resonance fields (g-values) reflect the different strength of the
anisotropy. The inset shows the simulation of a resonance spectrum of a powder
with randomly oriented nanocrystals.
surface is given by:
dΩ =








Since the resonance field of the individual paramagnetic center depends only on
the angle θ, the differential probability p(B) to find a paramagnetic center under
resonance condition at a field B is proportional to [57]:














Substituting the resonance field condition 1.29 again results in:










this term rises to infinity whereas for θ=0 it remains finite. For proper
calculation of the absorption spectrum of such a system 1.33 has to be integrated
and a finite linewidth has to be considered. A detailed description of the solution
of the integral and linewidth considerations can be found in [58].
The inset of figure 1.3 shows exemplarily a simulated powder spectrum of Co:ZnO.
1.3.3 Ferromagnetic resonance (FMR)
The introduction of the theory of ferromagnetic resonance (FMR) will remain frag-
mentary, since the experimental and discussion part will only make sporadic use
of it. A detailed description of FMR can be found in the first works of C. Kittel
[59, 60]. More recent works with special regard to layered structures can be found
for example in [61, 62].
In principle the Hamiltonians introduced in section 1.3 are suitable for most kinds
of magnetic resonances of solid state systems 6. Nevertheless in the case of FMR a
slightly altered approach has proven to be more instructive. The main reason for
a different description of ferromagnetic resonance is due to the fact that in ferro-
magnets the magnetic atoms or ions can not be treated separately. To use the term
introduced in section 1.3: The magnetic centers are not isolated. Instead a strong
exchange coupling leads to a long range magnetic order. In case of an external mag-
netic field the resulting magnetization starts to precess around the field direction.
As mentioned before this case is in principle covered by the spin-spin Hamiltonian.
However, a proper description leads to an complex quantum-mechanical many-body
problem [63]. Due to the large amount of correlated spins a classical approach is ap-
propriate as well, according to the correspondence principle of quantum mechanics:
The exchange coupling of the magnetic moments results in a total magnetization
~M , which interacts with the magnetic component of the microwave radiation. This
6neglecting more exotic cases like cyclotron resonance or Pauli paramagnetism
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Figure 1.4: Sketch of paramagnetic and ferromagnetic spins. Individual precession
of spins around the magnetic field axis in case of paramagnetism (left). Coherent
rotation due to exchange coupling in a ferromagnet(right).
causes the magnetization to start to precess around its equilibrium orientation in








with ~Beff = ~Bint + ~Bext + ~BMW (1.35)
















With η being the damping parameter. For completeness it has to be mentioned that
the perception of a total magnetization and its dynamic is in some respect too simpli-
fied. A more accurate description stresses the coherence of the spin precession. The
damping effect therefore describes a dephasing of the precession of coupled spins.
The additional presence of a perpendicular oriented high frequency magnetic field
of a microwave perturbs this spin rotation. This effect is most pronounced in case of
resonant absorption, i.e. the frequency matches the Larmor frequency. Respective
equations have been first reported by F. Bloch for nuclear magnetic moments [64].
The prove of ferromagnetism solely by magnetic resonance measurements is diffi-
cult. The reason are paramagnetic resonance lines which can show similar proper-
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ties. Probably the best criterion to distinguish both is the temperature dependence.
Approaching the Curie temperature of a ferromagnet from lower temperatures the
magnetic resonance line is expected to broaden, since the thermal excitation reduces
the spin relaxation time because of enhanced phonon scattering. Further the tem-
perature dependent anisotropy contributions lead to a shift of the resonance field
towards g = 2 (“ω
γ
” 7). Finally, above TC a ferromagnet becomes a paramagnet and
the ferromagnetic resonance signal vanishes.
Paramagnetic resonance signals are generally expected to decrease with increasing
temperature like 1/T reflecting the Curie law. Also for paramagnetic ions a line
broadening is expected due to phonon interactions.
Unfortunately several physical and technical conditions can further complicate the
identification of the origin of a magnetic resonance signal. For instance the change of
valency with temperature of a dopant in a semiconductor might mimic a Curie tem-
perature. Therefore magnetic resonance measurements need complementary tech-
niques like SQUID magnetometry to prove the existence of ferromagnetism.
1.3.4 Transition from ESR to FMR
As already mentioned in 1.3.1 to observe single ion paramagnetic spectra it is a de-
cisive prerequisite that these magnetic centers are isolated, i. e. without interaction
among each other. On the other hand for FMR exactly this interaction is essential -
no matter whether it is direct exchange, superexchange or Ruderman-Kittel-Kasuya-
Yosida (RKKY) coupling. Ferromagnetism of DMS systems is sometimes reported
even at ultra high dilution of the dopant atom [65]. With respect to potential inter-
actions special care has to be taken concerning the statistics of dopant distribution.
R. Behringer published a work already in 1958 where he calculated probabilities of
dopant atoms to have a next neighbor or even two next neighbors of the same kind
for different host lattices [66]. The calculation for the hcp-lattice can be directly
transferred to cobalt atoms in ZnO, if only the cation sublattice is considered 8.
Figure 1.5 shows the likelihood for singles, doubles and triples to occur in the
wurtzite structure for varying dopant concentration p. The curves are calculated
according to the equations given in table 1.5. The label triple A and B refer to so
called open and closed configurations. The latter have a reduced amount of bond-
7γ = gJµB
h¯
- thus g = 2 is valid for spin-only systems
8As will be discussed in chapter 5.2 cobalt is indeed very prone to substitute for zinc.
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ings to other atoms and therefore a different probability to occur.
singles: (1− p)12
doubles: 12p(1− p)18
triples A (open): 18p2(1− p)23[5(1− p) + 2]
triples B (closed): 3p2(1− p)21[1 + 6(1− p) + (1− p)2]
Table 1.5: Probabilities of dopant configurations depending on the concentration p
in a hcp lattice according to [66]
The vertical black line corresponds to a dopant concentration of 1%. At a first
glance it is quite counterintuitve that at this relatively low concentration already
more 11% of dopant atoms have at least one next cation neighbor which is of the
same kind. It becomes more understandable if one takes into account that due to
the wurtzite lattice structure each dopant has twelve next cation neighbors.
For a ferromagnetic response of a sample normally several thousands of coupled
atoms have to exists. A intermediate range of a few coupled atoms has not been
addressed in this chapter so far.
Two important effects have to be taken into account:
i) In case of a coupling between the electrons of atoms governed by the exchange
interaction a new energy level scheme of the pair, trimer or more atoms containing
structure will develop. A Hamiltonian similar to 1.20 can be applied for the ex-
change interaction of electrons of different atoms leading to respective multiplets.
Depending on the strength of the interaction weak, intermediate and strong cou-
pling has to be distinguished. The latter results in different commuting operators
and therefore energy schemes. Consequently magnetic resonance spectra are likely
to consist of completely different resonance fields than the single ion spectra. A
thorough treatise of exchange coupled systems of oligonuclear systems can be found
in [67].
ii) The second effect which has to be considered is the perturbation of the single ion
spectra. In magnetic resonance measurements this is reflected by a change of the
linewidth of a certain transition. The linewidth in turn is related to the relaxation
processes which depopulate the excited energy level.
In general two relaxation times are considered. A fundamental limit of the linewidth
is given by the Heisenberg uncertainty relation in the form ∆E∆t ≥ h [68]. The re-
spective time is referred to as T1. The line broadening induced by other mechanisms
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Figure 1.5: Logarithmic plot of probabilities of dopant constellations in wurtzite
according to Behringer’s equations.
like spin-spin dipolar interactions [69] or spin-nuclear spin interactions are compiled
in a time constant T2. In many cases the linewidth is governed by T2.
The influences on the linewidth of a resonance discussed so far are referred to as ho-
mogeneous broadening. Besides this inhomogeneous broadening may occur. As an
example of this effect inhomogeneous internal fields which cause different fractions
of a sample to have shifted resonance fields might be considered. In total the line
shape represents typically a Gaussian as envelop function of several resonance con-
tributions. Even though the study of magnetic resonance has started in the middle
of the last century the precise calculation of resonance linewidth is subject of recent
research [70], since it contains valuable information about the interactions of the
magnetic centers.
1.4 Element specific investigation methods
Within this work synchrotron radiation was used to study structure and magnetism
of DMS with element specificity. Two effects were utilized, namely the X-ray linear
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dichroism (XLD) and the X-ray magnetic circular dichroism (XMCD). After a short
introduction to X-ray absorption spectroscopy (XAS) both effects will be described
briefly.
1.4.1 X-ray absorption spectroscopy (XAS)
If light penetrates matter it experiences a exponential decay of the initial intensity
I0. The respective relation is known as Lambert-Beer law:
I(x) = I0 exp−µ(E)x (1.37)
µ(E) is the attenuation coefficient and x the thickness of the material. The atten-
uation coefficient typically decreases with increasing energy of the radiation. This
behavior is mainly caused by the decline of the cross-sections of photo and Compton
effect in typical energy regimes. Depending on the atomic composition of the ma-
terial sudden peaks superimpose absorption spectra. A so called absorption edge is
determined by the energy difference of an occupied (typically core level for X-rays)
and an unoccupied electron state of an atom. If the incoming photon matches this
energy the absorption cross-section sharply increases and the absorption process
becomes resonant. These energy values are element specific, which makes X-ray
absorption spectroscopy (XAS) (by use of monochromators) an element specific
spectroscopic investigation method. The quantum mechanical description of the
Figure 1.6: Energy dependence of X-ray absorption. Four X-ray absorption edges
are shown: K, L1, L2, and L3. (Adapted from [71])
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absorption process is done by time dependent perturbation theory.
H(t) = H0 + V (t) (1.38)
With H0 being the unperturbed system and V (t) = Θ
(
Vˆ e−iωt − Vˆ eiωt
)
. Assuming
a small perturbation the transition probabilities from a initial state (i) to a final




ρ| < f |Vˆ |i > |2 (1.39)
ρ represents the density of the final states. Therefore XAS probes the local envi-
ronment of the atom, since this density of final states for solids strongly depends on
crystal structure, hybridization and lattice constants.
Depending on the extent of the energy range of the spectra after the actual ab-
sorption edge one distinguishes two types of XAS :
In XANES (also called near edge absorption fine structure (NEXAFS) ) the valence
state of the selected type of the atom in the sample and the local symmetry of its
unoccupied orbitals can be deduced from the shape and energy position of the X-ray
absorption edge. In extended x-ray absorption fine structure (EXAFS) interference
of the outgoing µ of the electron (-wave) is scattered back in the close environment
leading to modulation of µ due to constructive or destructive interference of the
outgoing and backscattered wave, which reveal e. g. bonding lengths. There is
no strict rule to separate the EXAFS and XANES regime. Typically 50 to 70 eV
beyond the absorption edge are used for XANES whereas the EXAFS extends to
some hundreds eV.
The straightforward way to detect XAS is to measure the photons transmitted
through a sample. Due to the exponential decay of the X-ray beam intensity inside
the material this enforces very thin samples and therefore experimentally unhandy
conditions like difficult mounting.
Two other types of XAS -detection have been established. Both methods are based
on secondary processes that result from the refilling of the empty core state by other
electrons. The excess energy of the electron can be emitted via the emission of a
photon or an Auger-electron. In total fluorescence yield the amount of emitted pho-
tons is measured whereas in total electron yield the outgoing electrons are detected.
The proportionality between these and the X-ray absorption are demonstrated for














Figure 1.7: XAS at the K-edge of a 3d-transition element in a solid. a) a photoelec-
tron is excited to the valence band. b) two possible relaxation mechanisms: On the
left: filling of the empty core state under emission of a photon. On the right: filling
of the empty core state under energy transfer to another electron which can leave
the atomic potential (Auger-process).
1.4.2 X-ray linear dichroism (XLD)
As mentioned before the XAS probes the density of empty (valence-) states of an
atom. Due to the geometry of the bonds to the next neighbor atoms, an anisotropy
of the local distribution of the density of empty states is possible. Therefore the
lattice structure determines the spatial distribution of the density of empty states
capable of receiving a photoelelectron.
This anisotropy can be examined by using linearly polarized X-rays. For crystals
with low symmetry, like the wurtzite structure, there will be a different absorption
spectrum depending on the polarization direction 9. The difference of both spectra
is called XLD. The examination of the “empty electron states landscape” by the
9This assumes a respective alignment, i. e. for a wurtzite structure perpendicular and parallel
to the c-axis. Since for a uniaxial aligned system the intensity varies like I(θ) = 3 < I > cos2θ
(with < I > being the angular averaged intensity) [28] one can easily see that the effect vanishes
for example at θ = ±45◦.
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electric field vector is sometimes called “search light effect”.
It should be added to this simplified description of XLD, that the given arguments
hold only if a spherical symmetric core state, namely an s-state, is assumed. For




) states, since only
the sum of the orbitals is spherically symmetric.
1.4.3 X-ray magnetic circular dichroism (XMCD)
In case of a circular polarization of the synchrotron light the photons contain an
angular momentum - the helicity. It is aligned parallel or antiparallel to the direc-
tion of propagation of the photon. The XMCD is yielded by the difference of the
absorption curves for both helicities. The XMCD effect is commonly described by
a two step model [28], which distinguishes the generation of a spin and/or orbitally
polarized photoelectron and the transfer of this photoelectron to free electron state
of higher energy. The most frequently used XMCD effect for 3d transition elements
is the L3-edge dichroism. In this case a 2p3/2 electron is removed by the incident
photon. The angular momentum of the photon has to be conserved by transferring
it to the absorbing electron. If the absorbing electron state is spin-orbit split (like
the 2p3/2 states) the helicity can be – due to the spin-orbit coupling – partly trans-
ferred to the orbital and spin momentum of the photoelectron. Thus spin polarized
photoelectrons can be generated by circular polarized photons.
In a second step the exchange split 3d electron states act as a spin dependent de-
tector for the photoelectrons. Unequal amounts of empty spin up and spin down
states result in the different absorption spectra resulting in the XMCD effect.
For completeness it should be mentioned that the high information gain from L-edge
XMCD is closely related to the so-called sumrules derived for charge, spin and or-
bital magnetic moment. These have not been used for this work and they will not be
treated here. The reader is referred to respective literature [28, 74, 75, 76]. For this
work mainly K-edge XMCD spectra have been evaluated. In this case the s-state
of the core electron cannot be spin-orbit split, since l = 0. However, a small Zee-
man or exchange splitting might be present. The angular momentum of the photon
is transferred to the photoelectron solely as orbital momentum. If the final states
are spin-orbit split absorption will depend on the helicity of the incoming photon,
resulting in a XMCD effect which probes the orbital contribution of the splitting of
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Figure 1.8: XMCD at the Fe L-edge (taken from [28]). Left: Spin polarized pho-
toelectrons are generated depending on the helicity of the photons. The absorption
cross-section depends on the spin dependent density of empty states above the Fermi




The previous chapter has given a short theoretical introduction to the most im-
portant techniques used in this work. This chapter will focus on technical aspects
and evaluation of the data. The main principles of the experimental techniques will
be described with special regard to what will be referred to in the “Experimental
results”-chapters.
A thorough introduction of theses techniques is beyond the scope of this work. The
given references provide a comprehensive treatise.
2.1 Growth of ZnO and GaN based DMS
The DMS Co:ZnO discussed in this work was predominantly grown by reactive mag-
netron sputtering. The UHV preparation system offers two possible growth modes.
The first one is to sputter from Zn/Co composite targets with a fixed composition.
The second one is the simultaneous use of cluster magnetrons which offers varying
compositions of host and dopant material. Some details of the preparation chamber
are given in appendix C.
Alternative growth techniques for Co:ZnO as pulsed laser deposition (PLD) , focused-
ion-beam (FIB) implantation and chemical vapor synthesis (CVS) were conducted
at collaborating institutions.
Gd:GaN samples were predominantly grown by molecular beam epitaxy (MBE) and
provided by collaborators. Low dopant concentrations have been produced by FIB
implantation of MBE grown GaN layers.
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2.1.1 Reactive magnetron sputtering
Zn1−xCoxO thin films were deposited on both sides polished 10 mm x 10 mm x
0.5 mm c-plane Al2O3 (0001) sapphire single crystal substrates by reactive mag-
netron sputtering using a metallic ZnCo (nominally 5 % or 10 % Co) target.
To avoid ferromagnetic contamination on the as-prepared substrates, a thorough
cleaning procedure for all substrates with acetone, ethanol, deionized water in an
ultrasonic bath was performed for 10 minutes, each. For one series of sapphire sub-
strates an additional standard cleaning procedure was used: The substrates were
heated up to 1000 ◦C under UHV conditions 1. Both gases were additionally purified
before entering the chamber. The base pressure of the preparation chamber is in
the 10−9 mbar range. The working pressure in the chamber during film deposition
was controlled at 4·10−3 mbar by adjusting the pumping speed via a throttle valve.
The ratio of Ar and O2 flows was adjusted via separated mass flow controllers. A
ratio of 10:1 has been established as optimal composition. Prior to the deposition,
the growth rate was measured by a quartz crystal balance placed at the prepara-
tion spot. The sputtering powers are typically chosen in the range from 20 W to
30 W. The substrate temperature was controlled at 350 ◦C or 450 ◦C during the
preparation procedure, respectively. Two independently calibrated thermocouples,
placed directly at the heater and close to the sample holder, were used. Details of
the preparation chamber and the heater system are given in appendix C and D,
respectively.
2.1.2 Additional growth techniques
DMS samples from cooperations with other groups were available which were grown
by alternative techniques. Details of the cooperations will be given at the beginning
of chapters 4 and 5. The aim of this section is to shortly summarize the different
growth techniques.
Pulsed laser deposition
High power short laser pulses were used for plasma ablation from mixed CoO and
ZnO powder [77]. Co0.1Zn0.9O(0001) epitaxial films were grown on epiready c-
sapphire substrates at a substrate temperature of 550 ◦C and an O2 pressure of
1Later this cleaning procedure turned out to be not necessary.
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10 mTorr. A KrF laser (248 nm) was utilized for ablation. The laser repetition
rate and power level were 1 Hz and (314 ± 5) mJ/pulse, respectively, yielding 2.4
J/cm2 incident on the target, and the growth rate was 0.25 Å/sec. For one sample
the thickness and Co content was exemplarily cross checked by X-ray reflectometry
and proton induced x-ray emission (PIXE) yielding 105 nm and 10.8%, respec-
tively. XRD indicates high structural perfection with a full width at half maximum
(FWHM) of 0.38◦ in ω-rocking curves of the (0002) reflection of ZnO which itself
has a FWHM of less than 0.15◦ in the ω-2θ scan.
Chemical vapor synthesis
Nanocrystalline Co doped powders were synthesized by the chemical reaction in the
gas phase using a method known as Chemical Vapor Synthesis (CVS). Stoichiometric
mixture of solid, anhydrous Zn(II) acetate (purity 99.995 %, Sigma-Aldrich) and
Co(II) acetate (purity 99.99 %, Sigma-Aldrich) precursors was evaporated inside
of flash evaporator using a CO2 laser [78]. The vapor was carried to the hot-wall
reactor using He as a carrier gas. In the hot zone of the reactor the precursor vapor
decomposes and reacts with oxygen to form oxide particles. The particles are then
transported by the gas stream to the particle collector, where they are separated
from the gas stream by thermophoresis. The process temperature and pressure were
held constant at 1100◦C and 20 mbar, respectively.
Molecular beam epitaxy (MBE)
GaN and Gd:GaN samples were provided from four different groups. All GaN and
Gd:GaN samples were grown by MBE but methods differ concerning the reactant.
Either the growth was Nitrogen plasma assisted or ammonia gas was provided as
reactant. Gd was typically provided by co-evaporation [79, 80]. The GaN layers
were grown in most cases directly on 6H-SiC(0001) or on sapphire (Al2O3). For the
latter on some samples buffer layers of GaN or Si:GaN were grown to address the
lattice mismatch.
Focus ion beam implantation (FIB)
Gd3+ and Co+ have been implanted into GaN and ZnO, respectively. Implantation
energies of 300 keV (Gd3+) and 100 keV (Co+) resulted in layer thicknesses of 100 nm,
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according to the simulated penetration profiles using the SRIM simulation software
[81]. The implantations were conducted at room temperature; therefore hardly any
annealing of implantation damages is expected.
2.2 Setup for electron magnetic resonance mea-
surements
During this work three different microwave (MW) spectrometer to measure ESR
were used, predominantly at X-band frequency (≈ 10 GHz). In the following the
basic principles of these spectrometers will be described.
All cavity (resonator) bound spectrometer can be interpreted as interference setups
- analogous to experiments known from optics. Two signals originating from the
same source follow different paths: a signal branch which is guided to the cavity
and interacts with the sample and a reference branch which remains unchanged.
Both signals are coupled afterwards and detected by a diode.
If the relative phase of both signals is adjusted for example destructive (∆φ = π/2)
a slight phase shift in one of the paths will immediately lead to a resulting signal
unequal to zero. In cavity related MW-spectroscopy this phase shift is caused by an
altered absorption of the sample inside the cavity.
The left side of Figure 2.1 shows a sketch of an ESR spectrometer. A Gunn-diode 2 is
used to produce microwave radiation which is then coupled into a waveguide system.
The wave is split into the signal- and the reference branch, respectively. The signal
branch is guided to the cavity via a circulator 3 which forwards the reflected signal
form the cavity to the detector diode where it interferes with the reference signal.
The microwave in the reference branch is modified in two ways. Its phase is tuned
with respect to the cavity reflected wave. The power is adjusted to put an offset
power to the detection diode which warrants operation in the optimal regime of the
diodes characteristic curve.
2The microwave radiation is caused by the Gunn-effect which can be understood as cascade
effect in a periodically n-type doped semiconductor [82]. Another way of producing MW-radiation
is by so called Klystrons which uses free electron beams to generate MW output.
3Circulators use the change of polarization induced by ferites to forward an incoming signal
only to the next port. If one port is connected to a terminating load they act as isolators (see for
example [83]).




























Figure 2.1: Schematic sketch of a ESR spectrometer and photograph of the Bruker
XEPR spectrometer. The photograph shows the magnet and microwave bridge with
additional frequency counter (top left), low temperature facilities like temperature
controller (top right), Helium transfer tube (center) and cryostat (hardy visible
behind the transfer tube). The inset shows an enlarged view of the cavity and
goniometer.
The cavity is installed inside the gap of an electromagnet setup, which typically
ramps up the field during a measurement up to 1.2 T (2.2 T with additional pole
shoes). If, due to the magnetic field, a sample gets into its resonance condition
the power losses of the cavity are altered, which leads to a change of the resonance
frequency of the cavity (+sample).
Two more technical aspects should be mentioned:
The resonance frequency of the cavity changes slightly during the measurement
and an automatic frequency control (AFC) is used to keep the system at resonance
condition.
To further improve the sensitivity of the measurement a modulated magnetic field is
used induced by coils typically installed in the resonator walls (as depicted in violet
in figure 2.1 left). A lock-in amplifier compares the modulation and the diode signal
- acting as a narrow bandpass filter. The magnetic field is also the abscissa of the
measurement; therefore the modulation of the field leads to the detection of the first
derivative of the absorption signal. The absorption curve is derived by numerical
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integration of the signal.
Cavity enhanced sensitivity
Due to the MW, a standing wave develops inside the resonator. The geometry of the
cavity determines the resonance frequency and the possible modes. The magnetic-
and electric field inside a cylindrical cavity (which was most frequently used) is
exemplarily depicted in Figure 2.1 as green- and yellow arrows, respectively. In this
so called TE011-cavity mode 4 the magnetic field of the microwave extends along
the z-axis and the electrical field is radial symmetric around this axis. The electrical
field has a node at the center of the cavity, thus only the magnetic field is present
at the sample position. Due to its axial symmetry the TE011 mode is advantageous
for angular dependent measurements.
The ideal coupling between waveguide and the mode inside the cavity is achieved
by an iris. The smaller the intrinsic damping the less power has to be injected. To
quantify this, the quality factor is defined:
Q =
energy stored in cavity












With bMW being the magnetic field inside the cavity.
For magnetic resonance measurements a small sample is mounted inside the res-
onator. The size of the sample is especially relevant for conducting samples. If
the sample significantly extend into regions of the electric field inside the resonator,
short-circuits will perturb the mode, which easily can lead to a breakdown of the
standing wave inside the resonator.












describes the imaginary part of the high frequency susceptibility of the






4Transversal electrical mode [84, 85]
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χ
′
(ω) describes the dispersion effects which can be neglected for alternating elec-
tromagnetic fields of high frequency [84]. As stated before the frequency of the
experiment is limited to a small range due to the geometrical conditions of the res-
onator. Subsequently χ(ω) ≈ const. can be assumed 5. If the sample itself is not
in resonance the additional losses can be neglected. This situation changes if by
applying an outer magnetic field a resonant absorption of the magnetic field of the















With PS being the additional power loss due to the sample absorption at its reso-
nance condition and P0 being the intrinsic loss of the cavity at its resonance con-
dition. It is reasonable to assume that the resonant absorption of the sample only
causes a minor additional power loss ⇒ P0 >> PS, since the resonance condition of
















Q0 can easily be of the order of 103 to 104 which is the reason for the high sensitivity
of cavity bound ESR setups.
2.2.1 Evaluation of ESR spectra
The line shape of the absorption curve contains information about the microscopic
origin of it. Figure 2.2 shows the two most frequently encountered absorption curves,
Lorentzian and Gaussian and their first derivative, respectively.
In the following the most important features and conclusions which can be inferred
from these line shapes will be summarized. Lorentzian like spectra 6 are typical
5The resonant absorption of the sample can also be investigated by changing the frequency.
This would require a steady change of the cavities geometry, therefore it is rarely realized.
6This line shape can be derived from equations first reported for nuclear magnetic moments by
F. Bloch [64].
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for highly dilut paramagnetic systems whereas Gaussian are rather typical for a
convolution of lines.
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Figure 2.2: Derivatives of Lorentzian and Gaussian line shapes (upper curves) and
corresponding integrated signals (lower curves). Both absorption spectra were set
to have the same FWHM, Bres and Ymax to visualize the effect of the absorption
line shape on the derivative which is typically measured.
Width
As depicted in figure 2.2 the width of an absorption curve is referred to as the dif-
ference of the magnetic field values where the absorption is at half of the maximum
value – the full width at half maximum (FWHM).
Generally one has to distinguish between homogeneous and inhomogeneous broad-
ening of a resonance signal. The latter is referred to as resulting from superposition
of signals. As an example of inhomogeneous broadening one can consider the mo-
saicity of polycrystalline films. A slight misalignment of the crystallites with respect
to each other will result in a distribution of resonance fields. The following will be
limited to effects related to homogeneous broadening.
The fundamental reason for a finite linewidth is the uncertainty principle for energy
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and time ∆E∆t ≥ h [68]. For magnetic resonance measurements this states a re-
lation between the life time of an energy state and its energy value. The resulting
linewidth is called natural linewidth and typically referred to by the time constant
T1. The broadening of a resonance line is in most cases not governed by the natural
linewidth but by other mechanisms leading to an increased width of the resonance.
Paramagnetic centers inside solids are exposed of a variety of interactions. Dipolar
fields of other centers can easily cause an significant change in the effective field
which leads to resonance field shifts. As a coarse estimation the field of an unpaired
electron in a distance of a typical lattice spacing of about 2Å can be calculated:
B(r) ∝ ±2µe
r3
⇒ r = 2Å ⇒ B ≈ 2Gauss (2.8)
The ± refers to an arbitrary orientation of the dipole which then in turn would
result in a linewidth of 4 Gauss.
In a common solid this simple case has to be expanded by integration over all dipolar
moments of the sample. Therefore the perturbation of the single ion has to increase
with concentration of the dopant. The respective effect is experimentally frequently
reported and will be also shown in section 5.2. Typically perturbations of the single
ion condition tend to induce a broadening of the line because of a reduced lifetime
of the respective energy states. These effects are referred to by a time constant T2.
A very general treatment of line broadening due to dipolar coupling can be found
in [69].
In the same work the effect of exchange interaction between paramagnetic ions is
discussed. A additional contribution to the fourth moment of the frequency is shown
to be increased, which causes the resonance line to peak stronger. This effect of a
reduced linewidth is called exchange narrowing. This must be not mistaken with the
case of dominating exchange interaction if a material becomes (anti-)ferromagnetic
and resonance conditions are governed by different effects as mentioned in section
1.3.3. In general it is rather difficult to identify the microscopic origin of line broad-
ening/narrowing due to the variety of possible mechanisms involved.
Intensity
As can be seen from equation 2.3 the absorption is direct proportional to the imagi-
nary part of the high frequency susceptibility. The magnetization M can be derived
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by integration from magnetic resonance measurements, since χ = dM
dH
7.
A quantitative determination of M from ESR spectra is only possible with refer-
ence samples of known magnetization. Two types of reference samples were used for
this work. Most measurements were conducted with CuSO4·5H2O crystals fixed on
a sapphire substrate. Copper(II) sulfate pentahydrat is one of the first and most
studied substances by ESR [86]. Diphenylpicrylhydrazyl (DPPH) was rarely used.
Its small linewidth and its g-value of 2.0032 makes it a valuable tool for field cali-
bration.
Each sample in a resonator will cause a different damping which leads subsequently
to altered sensitivity according to equation 2.7. Besides this many technical settings
have to be considered like modulation amplitude and frequency, time constant, gain
and conversion time.
Resonance field
The by far most important information is gained from the magnetic field value of the
resonance. It can be easily identified as the zero crossing point of the first derivative
of the absorption signal. The resonance condition
Ei − Ej = hν = gµBB (2.9)
directly yields information about the energy splitting of two electron states Ei,Ej .
In general g is a tensor and angular dependent measurements are required. For
a wurtzite structure the g-tensor can be simplified with spherical coordinates for









 rotation in xz or yz⇒ g =
√
g2‖cos(θ)
2 + g2⊥sin(θ)2 (2.10)
Effective g-parameters, which can be experimentally accessed, are commonly used,
since the microscopic symmetry of a paramagnetic center might not be determined
from the macroscopic appearance of the sample. Even though geff has proven to
be a successful description of experiments, it comprises several influences on the
resonance field like e.g. inner fields, spin-orbit coupling and zero field splitting. The
7Assuming a known sample volume, since M = m
V
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angular dependency of highly dilute paramagnetic resonances reflect the crystal sym-
metry 8. In turn lattice parameter can be derived from resonance conditions. The
shift of resonance fields can be understood within the framework of crystal/ligand-
field theory as shown for example in 1.3.1. The coupling to the crystal field is pro-
vided by the orbital moment, therefore the spectra also contain information about
the spin-orbit coupling. In addition the number of fine structure resonance lines of
a paramagnetic center can be often used to identify the valence state. Including
the hyperfine interaction the resonance fields can also give information about the
nucleus as e.g. the nuclear magnetic moment.
2.3 Superconducting quantum interference device
(SQUID)
SQUID measurements are nowadays a standard characterization technique for mag-
netic properties. Throughout this work a MPMS Quantum Design magnetometer
was used. This section will not deal with the fundamental function principles of the
SQUID sensor itself but with certain problems arising if very small ferromagnetic
signals on a diamagnetic background should be sensed. Different from the rest of
this work this section will use the unit emu (electro magnetic unit), which is the
directly provided unit by the magnetometer. Conversion can be easily calculated by:
1 emu = 10−3Am2 (2.11)
In the manufactures MPMS Application Note 1014-213 it is written: “The MPMS
is an extremely sensitive instrument. However, contributions from multiple sources
can cause limitations in achieving the full potential of this sensitivity.” This is in
particular valid for measurements of DMS samples as will be shown in the following
and is reported in [87].
For all measurements the RSO transport was used due to its higher sensitivity com-
pared to the dc-transport mode. Samples were mounted in an clear drinking straw
which is recommended by Quantum Design to yield minimum background. Sample
pieces were cleaved such that they could be fixed between the walls of the straw
8This might be not true for ferromagnetic resonance signals since other anisotropy contributions
like shape anisotropy come into play.
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a) b) c) B-field
Figure 2.3: Sketch of different fixing of samples inside the straw
(see figure 2.3 a)). For in-plane/out-of-plane measurements quadratic samples were
chosen, which were fixed at two diagonal corners. This mounting enables easy ro-
tation to an out-of-plane geometry (figure 2.3 b)). Note that this fixing is crucial
if in- and out-of-plane measurements should be comparable, since the background
remains identical. Small sample pieces had to be clamped in between the wall of an
additional straw and the main straw. The inner straw has to be cut lengthwise and
twisted to be insertable (figure 2.3 c)).
Figure 2.4 presents ferromagnetic like signatures in hysteresis measurements of
sapphire after cleaving. The raw data show a clear discontinuity of the signal af-
ter passing the zero value. Subtraction of the diamagnetic background 9 yields a
step-like behavior with a saturation magnetization as shown in b). In c) the cor-
responding x-position 10 of the measured magnetic moment is plotted. A big step
is correlated with the kinks in the hysteresis curves in a) and b). Finally the same
sample was measured after intensive cleaning. The respective curves (open symbols)
demonstrate that the previous signal may stem from ferromagnetic contaminations.
This signature of the x-position shown in c) is typical for edge contamination. Dur-
ing a measurement the sample is moved along the pick up coils (x-pos.) while the
respective voltage is recorded. The iterative mode of the SQUID uses a fitting rou-
tine which accounts for possible position shifts, for example due to temperature
changes, by fitting both amplitude and position of the signal. Figure 2.5 explains
the observed behavior. The plots a) – d) depict approximated SQUID voltage curves
9The diamagnetic background is derived by assuming a linear response for high fields and high
temperature.
10This nomenclature is adopted from QuantumDesign. In fact, the sample moves up/downwards,
i.e. the B-field direction which is typically referred to as z-position.
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Figure 2.4: SQUID hysteresis measurements of a cleaved sapphire substrate before
and after cleaning. In a) the raw data are shown. After subtraction of the diamag-
netic background a step like behavior of the uncleaned sample is visible. c) shows
the offset of the x-position. For low fields the center of the magnetization is obvi-
ously shifted towards the sample edge for the contaminated sample. The red dotted
lines indicate the change of the governing magnetic contribution.
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or magnetization values, respectively, corresponding to the sample position 11. The
blue dotted line mimics the diamagnetic signal of the sample, which naturally orig-
inates from the center of gravity of the substrate. The green dotted line mimics a
ferromagnetic contamination at the edge of the sample. The bold red line presents
the superposition.
Depending on the applied field the contributions of the respective fractions vary.
Whereas in a) the signal is governed by the diamagnetic signal, a clear shift of the
peak position is already caused in b). With increasing ferromagnetic contribution
the displacement from the actual center of the sample increases (black arrows). In
d) two peaks of the same size but opposite sign and far separated are visible. Fur-
ther increase of the weight of the ferromagnetic contribution will make the fitting
routine to change to the peak position which implies a change of the magnetization
sign. This is exactly what is observed in 2.4 c).
This relatively easy identification of contamination is only possible in case of upper
or lower contaminations, since a centered contribution will not cause the described
signatures. Nevertheless it turned out to be good practice to simultaneously check
the x-position during measurements, since many contaminations originate from im-
proper cleaving.
Besides a possible contamination of a sample the SQUID itself might cause artifacts
which might lead to the attribution of wrong magnetic properties to the sample.
As shown in more detailed in [87] the magnetic field control of the SQUID can
cause offset fields which lead to inverted hysteresis curves or FC/ZFC curves with
negative magnetization values (even though a positive measuring field is applied).
The magnetic field of the magnetometer is measured by the voltage drop over two
shunt resistors which account for different field ranges 12. These circuits have to be
carefully calibrated. A residual misfit of about 1% remains typically and can cause
artifacts at about 350 mT. In addition to the field control the unipolar power supply
can impair measurements in case of a zero current offset or trapped residual flux in
the magnet itself.
A cascade of detection circuits is used, since the magnetometer has to measure
magnetization values over a range of several orders of magnitude. Two factors are
11The respective curve shape was approximated by a polynomial.
12According to Quantum Design a direct measurement of the magnetic field is not installed due
to the high field range which can not be covered by a single sensor.
































x pos. offset [arb. u.]
Figure 2.5: Shift of the x-position. Two magnetization contributions are superim-
posed. The blue curve simulates a diamagnetic response whereas the green curve
mimics a ferromagnetic contamination at the edge of the sample. a) High magnetic
field: Hardly any influence of the contamination. b) and c) with decreasing field
values the diamagnetism weakens and the peak of the superposition is moved of
lower x-positions. d) low fields: The ferromagnetic contribution starts to be the
relevant magnetization peak. A jump to higher x-position will occur. Note that the
sample does not extend to this position.
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Figure 2.6: Influence of emu-range change. a) Hysteresis curve of pure sapphire
revealing SQUID artifacts. Both types of artifacts can be removed by an adjusted
diamagnetic background. b) susceptibility measurements of a Pd reference sample.
Depending on the emu range, different magnetization values are measured.
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adjusted: The gain changes the gain of the voltmeter card. The range changes the
integration constant of the RF amplifier. During a measurement the software auto-
matically chooses the proper settings. A hysteresis is normally taken over the full
available field range, therefore respective adjustments of gain and range take place
several times. While the gain is changed each step the range is change only every
three steps. The change of the range is typically accompanied by a small step in the
measured magnetization values 13. After subtraction of a diamagnetic background
the respective steps become obvious.
Figure 2.6 a) shows a hysteresis measured on pure sapphire. The two hysteresis like
signatures appearing at field values between ±1-2 T (I) originate from the auto-
matic adjustment of the range. The software tries to avoid a change of the range ,
therefore the hysteresis is purely caused by the software itself and conclusively the
steps occur at different field values depending on whether the field is ramped up or
down.
For small magnetic fields figure 2.6 a) shows an effect (II) caused by an above men-
tioned bad calibration of the magnetic field control. The step precisely occurs at
the change from hi-res disabled to hi-res enabled mode of 350 mT.
Both artifacts in figure 2.6 a) can be removed by subtraction of an altered diamag-
netic background as shown. Note that the respective percentages of change in the
measured diamagnetism were reproducible on other samples. They are somehow
intrinsic of the given SQUID magnetometer.
In figure 2.6 b) the magnetization change due to the different range settings is
demonstrated with a Pd calibration sample. The respective detection sensitivities
are given in the legend.
Finally it should be added that even after careful consideration of artifacts residual
hysteresis like signatures might occur. During this work a detection limit of 4·10−7
emu was assumed as recommended in [87].
2.4 XAS measurements at beamline ID12
Synchrotron measurements within this work were exclusively conducted at the beam-
line ID12 of the European Synchrotron Radiation Facility (ESRF) in Grenoble,
13Which is probably due to the change of the hardware, namely the R-C circuit responsible for
integration.
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France. This beamline is dedicated to polarization-dependent X-ray absorption and
excitation spectroscopies in the energy range from 2.0 keV to 20 keV. The incident
light is monochromatized by a Si(111) double crystal which is thermally stabilized
at a temperature of 140 K. Some basic data of the undulators used by ID12 are









Figure 2.7: Schematic sketch of the ESRF and a beamline. Electrons are accelerated
in a two step process: After energy gain in a linear accelerator the electrons are
further powered in a cyclotron reaching their final energy. Afterwards injection into
the storage ring with its tangential arranged beamlines takes place. Pictures are
used by courtesy of the ESRF.
X-ray absorption spectroscopy - experimental details
All XAS spectra were measured by total fluorescence yield which enables bulk sensi-
tivity contrary to electron yield measurements. The spectra were taken with respect
to a reference intensity I0 which was measured by metal meshes in front of the ex-
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Undulator APPLE-II HEKIOS-II EMPHU
Magnetic Period 38 mm 52 mm 80 mm
Number of periods 42 31 19
Photon Energy (1st harmonic) 5 - 9.1 keV 3.16 - 6.2 keV 1.6 - 4.35 keV
Brilliance 6.2x1019 2.6x1019 1.0x1019
Helicity reversal time < 5 sec < 5 sec 160 msec
Table 2.1: Parameters of helical undulators of beamline ID12 at the ESRF [88].
perimental partition of the beamline. Depending on the absorption edge additional
filters were installed in front of the photo diodes to reduce the background signal.
XAS spectra have been measured with different experimental setups, depending on
whether structure or magnetism of the samples should be investigated. This mainly
affects the final part of the beamline, in particular the detector configuration and
sample mounting.
All spectra have been normalized to the edge jump to yield comparability.
Absorption edge energy[eV] I0 Filter
Zn K-edge 9659 Ti -
Co K-edge 7709 Ti Fe
Ga K-edge 10367 Cu -
Gd L3-edge 7243 Ti Fe
Table 2.2: I0 settings and detector filters depending on absorption edge. Electron
binding energies are given according to [89].
X-ray linear dichroism - experimental details
Structural investigations by XLD have been conducted in a cube like vacuum system
with 8 photo diodes placed in front of the sample roughly covering a hemisphere.
The samples are fixed on a multiple sample holder which had a 360◦ rotatable axis
perpendicular to the synchrotron light. Up to 7 samples can be glued on each side
of the aluminum bar. By rotating the sample holder by 180◦ either the samples on
the top or down side are measured. Typically an angle of 10◦ with respect to the
synchrotron light was adjusted. This grazing incidence configuration is considered
to be a good compromise between a maximized coverage of the sample by the beam
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and still fulfilling the geometrical needs in terms of crystal orientation 14. A lateral
motion of the sample holder enabled the positioning of the different samples roughly
in the synchrotron beam. The final adjustment is accomplished by remote control
of step motors moving the whole endstation.
The linear polarization of the light was achieved by a quarter wave plate consisting
of a 0.9 mm diamond (111) plate. It transforms the circular polarized light generated
by the undulator and monochromatized by the Si-crystal into linear polarized light
by use of a forward Bragg reflection. Details can be found in [90].
Prior to the measurement a Kapton foil is inserted into the beam path. The foil
is oriented such that a fully polarized fraction (Brewster angle) of the synchrotron
light is reflected to a photo diode. The maximum and minimum of this signal is
used to calibrate the quarter wave plate. The polarization by the quarter wave plate
changes with the wavelength/energy of the incident light. Therefore the calibration
of the angle of the quarter wave plate was preformed at the start and the end of the
energy range of a respective energy scan. The angles of intermediate energy points
have to be interpolated from these calibration points. During a XLD measurement
the quarter wave plate is flipped at each energy point, minimizing possible artifacts
of energy shifts.
XANES and XLD Simulation
Thanks to much enhanced computing power of ordinary computers, XAS -spectra
can nowadays be simulated within a few days. For this work spectra were calcu-
lated with the FDMNES-code by Y. Yoly [91]. The calculation uses a multiple
scattering formalism within a muffin tin approximation. Each atom is described
by spatially separated spherical potentials. Empty interstitial regions are approxi-
mated by assuming a constant potential [92]. Due to potential backscattering events
of the photoelectrons the probability of finding all scattering events within a region
close to the photon absorbing atom is high. Therefore simulations can achieve very
good agreement with experimental spectra already by limiting to a small cluster of
atoms. Details can be found elsewhere [93]. XANES and respective XLD spectra for
Gd:GaN and Co:ZnO were simulated. For the simulations of GaN the bulk values of
the lattice constants a = 3.189 Å, c = 5.185 Å and u = 0.377 Å were taken together
with a core hole lifetime of 1.82 eV for Ga [45]. In case of ZnO a = 3.2459 Å ,
14The inevitable occurrence of a residual XLD can be estimated to be about 1.5%




Figure 2.8: Schematical illustration of multiple scattering. Depending on its en-
ergy the photoelectron or the describing wave function, respectively can experience
several scattering events in the close environment of the photon absorbing atom.
c = 5.2069 Å and a dimensionless u parameter of 0.382 was used [94]. The core
hole lifetime was set to 1.67 eV according to [95]. Typical simulation cluster contain
for example a supercell of (Zn23Co)O24 atoms. The calculation sphere is chosen up
to 8.5 Å.
X-ray magnetic circular dichroism - experimental details
Circular polarized light is provided by the helical undulators of the beamline. Two
different endstations were used to perform XMCD measurements. Predominantly
the spectra were taken in a superconducting magnet setup which can provide mag-
netic fields up to 6 T. Two samples were typically installed on a copper wedge which
fixed a 15◦ grazing incidence geometry. A liquid helium flow system allows to cool
the sample holder down to 6 K. Normal incidence measurements were less frequently
conducted with an alternative sample holder. A ring diode installed concentrically
to the beam was used to measure the photon emission.
A second endstation was equipped with an electro magnet providing up to 0.6 T.
This station was preferred for fast XMCD hysteresis measurements with high field
resolution, since the magnet was driven by a bipolar power supply.
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Chapter 3
Paramagnetic impurities in SiC,
ZnO and Al2O3
The discussion in literature about DMS includes very dilute semiconductors with
dopant concentrations below 10−16/cm3 [96]. The concentration of magnetically ac-
tive impurities in grown layers and substrates are frequently of the same order of
magnitude and thus have to be carefully considered with respect to magnetic prop-
erties of the material. Impurities in the host materials like ZnO or GaN can be
interpret as the ultimate limit of dilution in terms of DMS. They are expected to
be perfectly isolated inside the crystal matrix, which means there is no interaction
of one impurity atom/ion with another. It has to be added that this discussion also
includes all kinds of paramagnetic defects, i.e., vacancies, antisites or dislocations
which result in a permanent magnetic moment. Respective ESR spectra are numer-
ously reported in literature.
Figure 3.1 shows the temperature dependence of the magnetization of a commer-
cial ZnO substrate measured at a field of 10 mT. Even though pure ZnO is not
expected to show any paramagnetic signal, the magnetization increases at very low
temperatures. This behavior results from the 1/T magnetization dependency (Curie
law) of paramagnetic impurities. The Boltzmann-Energy at T = 2 K can be easily
calculated, which gives 1.6×10−4 eV. Assuming a paramagnetic S = 1
2
-state the
Zeeman-splitting will be of the order of ≈10−6 eV. Even though still smaller than





kBT ≈ 0.99 (3.1)
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Figure 3.1: Increase of magnetization as measured by a SQUID at low temperatures
due to paramagnetic impurities in a ZnO sample.
Element Abundance






Ti(Titanium) < 1 ppm
Y(Yttrium) < 1 ppm
Zr(Zirconium) < 1 ppm
Cr(Chromium) < 1 ppm
total: < 23 ppm
Table 3.1: Concentration of residual impurities in sapphire as provided by the Crys-
tec company (ppm = part per million)[97].
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with Na/b being the population number of the respective energy levels. It is this
asymmetry of population which results in an overall magnetization even at small
measuring fields of 10 mT. The general description of the magnetization due to
population of Zeeman-split spin states is provided by the Brillouin function as in-
troduced in section 1.1. Its temperature dependence yields the well known 1/T
Curie-law.
In table 3.1 the residual contamination of sapphire substrates is tabulated. Note
that most of the impurities are expected to be magnetically neutral, in other words
without permanent magnetic moment per atom/ion. As will be shown in section
3.3 the Cr3+-ion and the Mo3+-ion are the most prominent contributions visible in
magnetic resonance measurements.
3.1 Nitrogen in SiC
6H-SiC is the favored substrate to grow GaN or DMS based on GaN. The high con-
ductivity of this material significantly aggravates ESR -investigations due to short
circuiting of the electric field lines of the microwave reducing the quality factor and
thus the sensitivity (see 2.2).
In figure 3.2 a typical spectrum of pure SiC is shown at T = 60 K in the field range
that corresponds to g = 2. Three resonances can easily be distinguished. These
three narrow lines can be attributed to nitrogen donors in the SiC host [98]. There
are three different possible positions for the nitrogen atoms, two on cubic sites and
one on a hexagonal site as can be seen from the ABCACB structure of 6H-SiC. The
cubic positions lead to an enhanced hyperfine(hf) splitting (INitrogen = 1) whereas
the hf-splitting of the hexagonal place cannot be resolved. The latter is superim-
posed on the central line which leads to the enhanced intensity. The resonance
field of the central line corresponds to a g-factor of 2.007 ± 0.005. More accurate
measurements at 142 GHz were undertaken by E. N. Kalabukhova et al. where a
g-factor of 2,0048 has been reported [99].
The two lines marked by black arrows can be identified as exchange pairs of nitrogen
donors on cubic sites [100]. A detailed description of the spectra of nitrogen donors
in different SiC crystal structures can be found in [98] and references therein. More
recent ESR results for intrinsic defects of SiC can be found in [101].
As shown in [102] the nitrogen-spectrum considerably hinders the detection of ad-
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Figure 3.2: ESR-spectrum of nitrogen in a SiC substrate. The notation k1 and k2
denotes the two possible cubic places of the nitrogen donor in SiC. The resonance
marked by arrows are cause by exchange pairs [100].
ditional signals close to g = 2, which is also within the field range where signals of
paramagnetic Gd3+-ions are expected to be found.
3.2 Transition metall ions in ZnO
In figure 3.3 a spectrum of a commercially available ZnO substrate 1 taken at
T = 300 K is shown. The two major contributions stem from Fe3+ (red bars) and
Mn2+ (blue bar) impurities. Both ions have a fivefold fine structure due to S = 5
2
.
In case of Mn2+ the spectrum is further split due to the nuclear spin of IMn = 52 .
The natural abundance of this isotope is 100%, therefore each fine structure line
forms a sextet of equally spaced signals. In principle a fraction of 2.1% of the Fe
line is also hyperfine split but not resolved due to the weak hyperfine splitting of
the respective isotope (Fe57 with 2.1% natural abundance and I = 1
2
2). Respective
1CrysTec GmbH, Kopenicker Str. 325, D-12555 Berlin, www.crystec.de
2I = 0 for all other relevant isotopes
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Figure 3.3: Fe3+(red bars) and Mn2+(blue bar) impurities in ZnO measured by ESR
at ν = 9.3 GHz. The magnetic field is oriented parallel to the crystal c-axis (0001).
Both ions have a fivefold fine structure due to S = 5
2
. Contrary to the Fe lines the
Mn resonances are sixfold hyperfine split by the nuclear moment IMn = 52 leading
to a spectrum of in total 30 lines. A detailed description of the spectrum has been
given in [103, 104].






















T = 5 K
Figure 3.4: Co2+-spectra in ZnO taken at T = 5 K for various angles. A group
of 8 lines is clearly resolved for θ = 0◦. The line accompanying the group of Co2+
lines is assigned to Ni3+ [105]. Additional groups of small sixfold features are visible
which originate from Manganese impurities. The corresponding spectra are highly
saturated due to the long spin lattice relaxation time at low temperatures of Mn in
crystal environment (PMW= 2 mW) [106].



















Figure 3.5: Co2+ ESR spectrum with well resolved hyperfine splitting at T = 5 K.
The black arrow points to the center of gravity of the group of lines.
spectra have been reported in the literature [103, 104].
The first report of the ESR spectrum of Co2+-ions embedded on cation sites in zinc
oxide dates back to 1961 [107]. The ESR spectrum of this ion will be discussed in
more detail, since Co-ions are supposed to activate ferromagnetism in ZnO.
Figure 3.4 shows scans taken at a temperature of 5 K in an out-of-plane geometry.
This means that the external applied field angle was varied from ~B ‖ c-axis (θ = 0◦,
out-of-(sample)-plane) to ~B⊥c-axis (θ = 90◦, in-(sample)-plane), since the sample
is grown in c-axis(0001) direction.
The best spectrum for identification of the paramagnetic ion was taken at θ = 0◦.
One can clearly see a group of eight equidistant resonance lines. This can be seen as
an fingerprint of a nucleus with nuclear magnetic moment of In = 72 causing a eight-
fold hyperfine splitting(In(59Co) = 72 , 100% natural abundance). This spectrum is
shown in greater detail in figure 3.5.
Assuming that the sample is rotated from the lattice axis c (0 0 1 (hkl), 0 0 0 1(hkil))
to the in-plane axis a (2 1 0 (hkl) (1 1 1 0 (hkil)) one can simplify the Hamiltonian
1.28 to:
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With g‖ = gxx = gyy and g⊥ = gzz
For the out-of-plane geometry the matrix of the Hamiltonian is diagonal and the
energy of the eigen-states is:
E = D(m2s −
5
4
) + g‖µBBms (3.3)
Since one only observes energy-differences between states with ms = ±12 the res-
onance condition can be written as ∆E = h¯ω = g‖µBB. Additionally, the hyperfine
interaction has to be taken into account, which leads to the final expression:
∆E = h¯ω = g‖µBB + A‖mI (3.4)
A more complicated situation arises for the in-plane geometry since a mixing of




-states occurs. In this case one observes a resonance at
the transition energy ∆E = h¯ω = g⊥effµBB. As shown in more detail in appendix
A this can be approximated [108, 109] assuming D >> h¯ω:
g⊥ ≈ 12g⊥eff (3.5)
For this orientation the hyperfine splitting is strongly reduced leading to a su-
perposition of the different mI components. The respective splitting is described by
A⊥.
The green curve in Figure 3.6 shows the angular dependence of the hyperfine split-
ting. The black curve shows the respective resonance fields of the center of the group
of lines. Both curves prove a uniaxial behavior. The red line presents a fit of the




2 with P as fitting
parameter. Obviously the angular dependency is well described by the g-tensor.
Table 3.2 summarizes the derived values for the components of the g- and A-tensor.
With regard to DMS it has to be stressed that the observed spectra belong to purely
isolated non-interacting ions. The following arguments are solely based on ESR ob-
servations.
First of all, the existence of a well resolved hyperfine splitting as shown in figure
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g‖ g⊥eff g⊥ A‖[10−4cm−1] A⊥[10−4cm−1]
this work 2.247 4.557 2.278 16.4± 0.1 3.3± 0.2
literature [107] 2.2384 4.551 2.2768 15.9 2.9
(2.243) (2.2791) (16.11) (3.00)
Table 3.2: Results for g- and A-tensor for Co2+. The error bar of the g-values is
0.005, which is mainly due to inaccuracy of the sample alignment. Literature values
given in brackets are taken form the original work by T. Estle et al. [110].





























Figure 3.6: Angular dependence of Bres (Center of gravity) and hf-splitting. The




2 with P as fitting
parameter.
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Figure 3.7: Paramagnetic microwave power and temperature dependence of the Co2+
ESR signal
3.5 would smear out in case of the presence of magnetic dipolar interactions arising
from neighboring ions. This can be shown already for dopant fractions x > 0.001.
Respective concentration dependencies for TM-ions in crystals have been reported
in the literature [111].
A strong indication for the paramagnetic origin of the observed ESR resonance is
shown in figure 3.7 a) and b). The absorption of microwave quanta means exciting
electrons to an upper level. Therefore in case of high microwave powers a signifi-
cant population of this level can be achieved 3. The probability for a photon to be
absorbed by an electron of the lower level or to induce an emission of a coherent
photon from an electron of the higher level is equal [112]. This means in turn that
for equally populated energy levels absorption and emission cancel out.
In figure 3.7 a) the square root 4 of the microwave power is plotted over the ESR-
signal intensity. After a steep increase at low power the intensity reaches a maximum
after which a further raise of the microwave power leads to a reduced absorption.
3It is obvious that the lifetime of excited states strongly depend on relaxation processes. Hence
the population process is temperature dependent as is the saturation of the ESR signal.
4Only the magnetic field of the microwave accounts for absorption
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The latter is a clear indication of the saturation of the energy levels. It is notewor-
thy that this effect hardly occurs in ferromagnetic resonance at the available MW
power. Therefore figure 3.7 a) can also be used as a crosscheck for a ferromagnetic
origin of the signal. Since the linewidth did not change in the observed temperature
regime, the peak to peak amplitude of resonance curves is proportional to the inten-
sity [113]. The latter is defined as the integral of the absorption curve which in turn
is proportional to the magnetization. The temperature dependence of a Curie-like
paramagnet isM ∝ C
T
. Therefore the linear behavior of the intensity values in figure
3.7 b) for T= 5, 10, 20 and 25 K also corroborates that Co2+-ions in this sample are
isolated, i.e. they behave as an ideal dilute paramagnet.
3.3 Cr3+ and Mo3+ in sapphire - Al2O3
Sapphire was typically used as a substrate for Co:ZnO growth. At room temperature
all sapphire wafers show traces of paramagnetic impurities. The magnetic resonance
spectrum of the most prominent one, Cr3+, is shown in figure 3.8. The Cr3+-ion as
an impurity in Al2O3 is well know from optical and ESR studies.
High concentrations (%-range) of the ion cause the sapphire to appear reddish which
is in this case known as ruby. Depending on concentration [114] and spectrometer
settings the respective spectra could be very clearly observed at room temperature.
Exemplarily three angles 0◦, 60◦, and 90◦ are plotted in figure 3.8. Additionally, the
energy level scheme of this d3-ion for the case B ‖ c is shown. Note that the zero
field splitting D is negative (D = -2.37·10−5 eV [52]), which leads to population of a
ms=-3/2 state at very low temperatures. According to the selection rule ∆ ms = 1
no MW absorption is possible at very low temperatures. However, the fading of the
lines at temperatures (see fig. 3.9) below 40 K has to have another origin, since kBT
is still sufficient to populate the respective energy levels. For instance the change in
relaxation times due to reduced phonon interactions can be considered [115, 116].
The latter has been studied in view of maser and laser applications of ruby [117].
For angles different from 0◦ the selection rules are not that strict any longer and
forbidden transitions are visible due to a mixing of different states. A thorough
treatise of the paramagnetic resonance spectra of Cr3+ can be found in [118].
Considering the concentration of Fe ( 2 ppm, see table 3.1) the absence of any Fe3+




















T = 300 K
Figure 3.8: Paramagnetic resonances in sapphire at room temperature and ν=9.3
GHz. The most prominent signals originate from Cr3+. An isotropic background
was subtracted. The inset shows the splitting of the energy levels of Cr3+ for B ‖ c
(θ = 0◦).
signal at room temperature in our sapphire substrates is rather astonishing. Besides
concentrations other than given in table 3.1, mixed valences as discussed e.g. in
[119] can be considered as possible explanation.
Figure 3.9 shows a magnetic resonance signal at T = 10 K which could be found
in many Co:ZnO films grown on sapphire at low temperatures. The angular de-
pendence taken at 5 K within a range of 200◦ is shown in the inset and proves a
uniaxial symmetry of the paramagnetic center. The blue line presents a fit based on:




2 with g⊥ eff = 3.92, g‖ = 1.97 and P the only
parameter. Additionally to the central line in figure 3.9 a sixfold hyperfine structure
is visible. This spectrum could be identified as substitutional Mo3+ in Al2O3 due
to the intense central transition and the surrounding sextet of lines. The latter is
due to the hyperfine interaction with 95Mo and 97Mo nuclei possessing total nuclear
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T = 10 K












T = 5 K
Figure 3.9: Mo3+ embedded in Al2O3. Note the absence of any Cr3+ signals at this
temperature. The inset shows the uniaxial angular dependence of the resonance
field for a 200◦ angular range.
spins of I = 5/2 resulting in almost similar splitting 5. The natural abundances of
these isotopes are 15.78% and 9.60%, respectively 6. Therefore in total 25.38% of
the Mo resonance spectrum will be sixfold. A double integration of the hyperfine
and the central section of the spectrum yields the expected fraction of ≈ 1/4. The
ion is octahedrally coordinated on substitutional Al3+ site. It is isoelectric to the
well studied Cr3+-ion in sapphire. In figure 3.10 the temperature dependence of
the spectrum is plotted. Apart from an expected 1/T decrease of the intensity for
temperatures from 10 K on an increase from 5 K to 10 K is observed (see inset).
Contrary to the case of Cr3+ discussed before, for Mo3+ in Al2O3 a reported zero
field splitting of D ≈ -50 GHz = -2·10−4 eV [120] might account for the decrease
of the intensity. Due to the reduced thermal energy at T = 5 K (≈ 2.3·10−4 eV)
which is of the same order of magnitude as D the s=1/2 levels will be significantly
less populated (see equation 3.1 and figure inset of figure 3.8).
Two possible origins for the existence of the Mo3+ have to be considered. In refer-
5µ/µN=-0.9142 (
95Mo) and -0.9335 (97Mo)
6Several isotopes of Mo without nuclear spin exists - 92Mo,94Mo,96Mo,98Mo,100Mo
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Figure 3.10: Temperature dependence of Mo3+ in Al2O3. The inset shows the peak
to peak amplitude of the signal
ence [121] the Mo content of the sapphire was attributed to Mo containing crucibles
which cause a contamination during the production process. Another source might
be related to the growth of Co:ZnO samples, since the sample holders were made
from Mo. For cleaning and annealing purposes the sapphire substrates were heated
under UHV conditions above 1000◦C prior to the growth process. Within this work
no clear correlation could be established. The signal could also be traced in un-
heated sapphire substrates indicating that both possibilities can contribute. For
temperatures of 40 K up to 300 K additional resonance signals due to Cr3+ develop
(figure 3.10).
3.4 Discussion: Impurities
If the high sensitivity of magnetic resonance measurements is used to sense very
small signals, one inevitably has to consider impurities of the substrate. Predom-
inantly two types of substrate were used during this work: 6H-SiC and Al2O3. In
case of Gd:GaN both substrates were used, whereas Co:ZnO was predominantly
grown on sapphire. The ESR spectrum of SiC shows only one paramagnetic center
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present in the material which is interstitial nitrogen. This donor atom shows a char-
acteristic signature at low temperature and high dilution in very good agreement
with literature. As will be shown in chapter 4 several additional resonances occur
after ion implantation in the same field range.
Sapphire substrates exhibited several paramagnetic resonances with changing spec-
tral weight depending temperature. The most prominent contributions originate
from Cr3+ and Mo3+. Both ions are isoelectric and substitute for Al3+. In hy-
drothermally grown ZnO substrates magnetic resonance signatures of Mn2+,Fe3+,
Ni3+, and Co2+ were found. The concentrations of all these impurities were low, but
the relatively high amount of material of the substrate wafers (compared to grown
films of typically 100 nm thickness) enabled a detailed study of the Co2+-ion as a
paramagnetic impurity — the limit of dilution.
The main subject of this work was not the investigation of paramagnetic impurities.
Dilute paramagnetic systems have been intensively studied in the middle of the last
century. Theoretical descriptions date back to 1929 [53]. Nevertheless it turned out
that a thorough understanding of these signals was indispensable for the search of
eventual additional magnetic resonance signals in DMS. Even though the impurity
signals generally compromise the spectra interpretation there are also beneﬁcial as-
pects. First of all, the signals could be used as a reference for the proper angular
alignment. Paramagnetic impurities provide a valuable cross check for the angular
alignment, since the error-prone manual adjustment of the sample holder to the go-
niometer can cause signiﬁcant angular oﬀsets. Assuming a constant concentration
and homogeneous distribution of the impurities in the substrates, resonance signals
of impurities can also be used to estimate of the relative intensity of additional
signals without using an additional spin reference inside the cavity. In the case of
internal ﬁelds inside the sample paramagnetic impurities can even be used as ﬁeld
sensors by evaluating potential resonance ﬁeld shifts [107].
Chapter 4
Experimental results for Gd:GaN
4.1 Preparation of Gd:GaN samples
The growth of all GaN and Gd:GaN samples used for this work was conducted by
molecular beam epitaxy which has proven to be suitable to obtain GaN of high
crystalline quality [45]. Diﬀerent variants have been used, ammonia assisted or ni-
trogen plasma assisted growth. All Gd:GaN samples are c-plane (0001) oriented.
The samples originate from four diﬀerent institutions.
• GaN and Gd:GaN samples grown by ammonia assisted MBE on 6H-SiC (0001)
were provided by the group of Prof. Ploog (Paul-Drude-Institut für Festkör-
perelektronik, Berlin). Conventional Ga/Gd eﬀusion cells were used together
with highly puriﬁed ammonia. For details see [65].
• N2 plasma assisted MBE growth was used by the Group of Prof. A. Rizzi
(IV. physikalisches Institut, Universität Göttingen). Sapphire (0001) serves
as substrate in conjunction with a ≈ 2 µm thick GaN buﬀer layer grown by
metal-organic chemical vapor deposition (MOCVD) [122].
• GaN ﬁlms were grown by ammonia assisted MBE on sapphire (0001) at the
Centre de Recherche sur l’Hétéro-Epitaxie et ses Applications of CNRS, France.
Additionally a GaN buﬀer layer was Si doped to accommodate the lattice mis-
match [123].
• For some of the samples the Gd was incorporated after MBE growth of GaN
by focused ion beam (FIB) implantation. All implantations were conducted in
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the group of Prof. A. D. Wieck (Lehrstuhl für Angewandte Festkörperphysik,
Ruhr-Universität Bochum). Details of the implantation process can be found
e. g. in [124]
4.2 Paramagnetic signatures in Gd:GaN
This section starts with a set of Gd:GaN samples, which seem to be ferromagnetic
as indicated by SQUID results. However further studies on these and additional
samples do not corroborate this result but underline the paramagnetic character of
Gd:GaN.
4.2.1 Gd:GaN grown on SiC
Figure 4.1 shows 2θ XRD -scans for GaN and Gd implanted GaN grown on 6H-SiC
(0001). The characteristic reﬂections in the wide range scans can be identiﬁed with
GaN and the substrate SiC. These scans also exclude the formation of secondary
phases down to the sensitivity limit of this structural analysis method (≈ 2-4 nm).
The red curve shows the XRD scan of a GaN layer after focused ion beam implan-
tation of 1 · 1015 Gd3+/cm2 which corresponds to an average volume concentration
in the layer of 1 · 1020 Gd3+/cm3 and was the highest dose used for this series of
samples. The latter is calculated by assuming a maximum penetration depth of the
ions of 100 nm, which is estimated by implantation proﬁle simulations using the
SRIM code [81]. Details can be found in [125].
The inset of ﬁgure 4.1 shows the (0002) 1 and (0006) reﬂection of GaN and SiC on
an enlarged scale, respectively. The black arrows point to additional features visible
in the reﬂections of the implanted sample. The most intense additional peak (1)
shows up with almost half of the intensity of the original GaN (0002) peak. Adja-
cent, closer to the GaN reﬂection a second additional peak (2) of reduced intensity
is visible. The peaks appear at angles smaller than expected for the GaN (0002)
reﬂection, indicative of an increased c-lattice constant of the implanted region of
GaN or a coherent Gd:GaN phase, respectively [23].
These additional features close to the GaN(0002) reﬂection of the implanted sample
1In figure 4.1 the cubic Miller index system is used for better readability. In the text the
appropriate hexagonal system (hkil) is used, where h, k and l are identical to the Miller index, and
i is a redundant (i=-h-k) index.
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Figure 4.1: XRD-scan of hexagonal GaN and Gd implanted GaN. The lower scan
was measured after implantation of 1 · 1015 Gd3+/cm2 which corresponds to an a
average volume concentration in the layer of 1 · 1020 Gd3+/cm3. The inset shows
structural implantation eﬀects only visible for this highest dose.
are indicative of structural eﬀects caused by the implantation process. Such eﬀects
are very likely, since in average every surface atom has been hit once at this high
implantation dose. In literature a dose of 6 · 1020 Ca3+/cm3 implanted in GaN with
only 180 keV at liquid nitrogen temperature is reported to lead to amorphisation
[126]. Arrow 3 in the inset points at an additional shoulder of the SiC (0006) reﬂec-
tion which is much lower in intensity than the prior discussed features. Nevertheless
it suggests implantation eﬀects in the substrate. Such an eﬀect is hardly expected
from SRIM simulations, since the layer thickness of this sample is about 600 nm.
This shoulder may indicate a much deeper penetration of the implanted ions, which
might be possible because the simulation software does not account for channeling
eﬀects or inhomogeneities, like screw dislocations of the GaN [96]. Another pos-
sible explanation is the formation of phase separated GdN which (002) reﬂection
is around to 36.1◦ [127]. Possible crystal distortions due to strain might alter the
lattice constant.
Figure 4.2 a) compiles the M(H) curves of two Gd implanted and one unimplanted
GaN sample as they were measured with a SQUID at T = 2 K. Note that usually
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such hysteresis curves are taken as indicative of ferromagnetism. However, as will
be shown in the following, a thorough analysis of results of complementary exper-
imental methods has casted strong doubts on the origin of the signal, i.e. whether
these M(H) curves reﬂect intrinsic ferromagnetism of Gd:GaN.
The most pronounced hysteresis (red diamonds) is found in the sample with 1020
Gd3+/cm3, which exhibits changes in the XRD-reﬂections in ﬁgure 4.1. The second
Gd:GaN sample (green down triangles) was implanted with a much lower dose re-
sulting in a layer concentration of 1 · 1016 Gd3+/cm3. Both implanted samples show
an open hysteresis which barely reaches full saturation at ﬁelds of 5 T (inset). The
remanence of the hysteresis diﬀer roughly by 1/3 and the saturation magnetization
by less than a factor of two even though the implantation dose diﬀers by four orders
of magnitude. This surprising result was explained in literature within a sphere of
inﬂuence model [65, 96] and will be referred to in more detail later on. Note that
the slight slope at 2 K of the unimplanted reference sample is due to paramagnetic
impurities of the SiC substrate
Besides the features suggestive for ferromagnetism of the implanted ﬁlms like re-
manence and coercivity, the inset of ﬁgure 4.2 a) shows the strong curvature of the
magnetization on a large ﬁeld scale - far beyond ﬁeld values where the two branches
of the hysteresis are separated. At high ﬁelds the shape rather resembles a Brillouin
or Langevin function and is therefore indicative of para- or superparamagnetic con-
tributions.
The same samples were measured at room temperature revealing a much more step-
like hysteresis (inset of ﬁgure 4.2 a) which corroborates the assumption of a superpo-
sition of ferromagnetic and (super)paramagnetic contributions at low temperatures.
Results are compiled in table 4.1 and reported in [125].
This set of samples, was also investigated by ESRT˙he ﬁrst and unexpected result to
be mentioned is the absence of any ferromagnetic-like resonance at room tempera-
ture in these samples. All these ﬁlm were grown on highly conductive SiC. The high
conductivity of the samples lowers the quality factor of the setup which obviously
hampers observations of small signals. Nevertheless, a ferromagnetic behavior of
a 100 nm layer can typically be easily detected. Due to carrier freezing the sensi-
tivity of magnetic resonance measurements is much enhanced at low temperatures.
Angular-dependent measurements are expected to facilitate the identiﬁcation of fer-
romagnetic resonance lines due to the expected crossing of the ﬁeld value for g = 2
PARAMAGNETIC SIGNATURES IN Gd:GaN 69































 1016 Gd/cm3 implanted
 1020 Gd/cm3 implanted











 1016 Gd/cm3 implanted
 1020 Gd/cm3 implanted





Figure 4.2: Hysteresis measurements on Gd implanted hexagonal GaN. The dia-
magnetic contribution of the substrate has been subtracted. a) Low temperature
hysteresis of Gd implanted hexagonal Gd:GaN in comparison with unimplanted
GaN. The inset shows an enhanced ﬁeld scale showing the increase of the saturation
magnetization and curvature with implantation dose. The dotted lines are T = 300
K data shown for comparison. b) Room temperature hysteresis of Gd implanted
hexagonal Gd:GaN. The inset shows an enhanced ﬁeld scale revealing the increase
of the saturation magnetization with implantation dose.
(“ω
γ
”), resulting from ferromagnetic anisotropies.
At low temperatures the ESR spectra were mostly governed by the nitrogen impu-
rities of the SiC substrate as described in chapter 3. Measurements at T = 5 K for
ion implanted Gd:GaN and Gd:GaN grown by MBE are shown in ﬁgure 4.3. The
magnetic ﬁeld range is limited to values corresponding to g = 2, since no additional
signals were found in the range from 0 to 1.2 Tesla. The latter is consistent with
the high purity of the samples. Paramagnetic Gd3+-ions in a 8S 7
2
state are expected
to show a signal close to g = 2 with small angular dependence due to the screening
of the local 4f-electrons by the outer d- and s-electrons [52] and a seven fold ﬁne
structure can be expected from results of Gd3+ in ZnO [128].
The upper curve (black) of Figure 4.3 shows a typical spectrum of GaN grown on
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Gd/cm3 Mr (2K)[Am2] Hc (2K)[T] M5T (2K)[Am2] Mdia[Am2/T]
Mr (300K)[Am2] Hc (300K)[T] M5T (300K)[Am2]
2.4 ∗ 1016 1.5·10−9 1.2·10−3 6.5·10−8 8.421·10−7
0.9·10−9 0.8·10−3 1.1·10−8
1 ∗ 1020 2.4·10−9 1.3·10−3 8.8·10−8 7.985·10−7
1.2·10−9 0.8·10−3 1.8·10−8
Table 4.1: Results of magnetization measurements by SQUID on Gd implanted
GaN.
SiC. Three resonances can easily be distinguished, whereas a much broader fourth
one can be presumed because of the shifted ordinate values on the right and left of
the central resonance, respectively. The spectrum stems from the 6H SiC substrate,
which was already described in 3.1. The three narrow lines can be attributed to
nitrogen donors in the SiC host. The broad superimposed resonance is likely to
stem from residual free carriers, since the SiC substrate is highly conducting.
The red curve in Figure 4.3 shows the altered ESR spectrum for the sample im-
planted with 1 · 1020 Gd/cm3. The corresponding ESR-spectrum of the nitrogen
interstitials is almost totally covered by a broad feature with a peak to peak width
of approximately 0.8 mT. Superimposed on this dominating feature one can ﬁnd
three additional small peaks, labeled A, B, and C.
The same peaks but less pronounced are also visible in a sample that was implanted
with 1/50 of the Gd amount (green curve). One can easily estimate that the ratio
of the peak-intensities does not match the Gd concentration ratio which makes a
correlation with the Gd content unlikely. The angular dependence of the nitrogen
lines prevents further analysis of the small signatures A, B, and C, since they are
not traceable in the full angular range.
The origin of these features might be implantation-induced defects. This is further
corroborated by a spectrum of the annealed version of the sample with the high-
est implantation dose (light blue). All three peaks vanish after heating to 1300
K - most likely due to annealing eﬀects improving the crystal structure, causing
the paramagnetic centers to disappear. Indeed the spectrum of the annealed sample
strongly resembles the pure GaN as does the spectrum of a additionally shown MBE
grown sample with a concentration of 2·1019 Gd/cm3 (dark blue). The probability
of developing a certain defect could be related to the actual crystal quality, i.e. the
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Figure 4.3: Comparison of the ESR spectra at g = 2 in out-of-plane geometry
(B ⊥ c) of hexagonal GaN, highly Gd implanted GaN, and MBE-grown Gd:GaN.
The three nitrogen hyperﬁne lines observable in the unimplanted GaN are hardly
detectable in the highly implanted case due to a superimposed broad resonance.
Note that scans were adjusted by the nitrogen spectra for better comparability. The
ordinate is not to scale.
formation saturates during the implantation process. This might explain why these
defects do not scale with the Gd dose.
In [129] no altered magnetization behavior of the annealed version of the highest
implanted sample is reported. Therefore one can conclude that the additional para-
magnetic centers as observed by ESR do not contribute to the ferromagnetic-like
magnetization behavior, i.e. defect-induced ferromagnetism is unlikely.
4.2.2 Gd:GaN grown on sapphire (0001)
A second set of samples of GaN grown by ammonia assisted MBE on sapphire (0001)
substrates instead of SiC was subject to Gd ion-implantation and identical investiga-
tions as mentioned before. The main intention of the examination of these samples
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was to conﬁrm the previous results.
SQUID hysteresis measured at T = 5 K and T = 300 K are shown in 4.4 a). As
discussed in section 2.3 the remanence of the hysteresis (inset) can be considered to
be within the artifact level. Thus the ferromagnetic signature of the previous sam-
ples could not be reproduced. In ﬁgure 4.4 b) the XRD spectra of implanted and
unimplanted GaN on sapphire are presented. As already seen for the samples grown
on SiC the structural eﬀects become evident at high doses. Note that the FWHM
of the (002) reﬂection of both series of GaN layers is about 0.04◦, which indicate a
comparable high crystal quality. The additional shoulder visible in ﬁgure 4.4 of the
sample grown on sapphire is less pronounced compared to the sample grown on SiC
which might indicate less structural damage.
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Figure 4.4: Structural and magnetic characterization of Gd implanted GaN on a sap-
phire substrate: a) SQUID-magnetometry results on Gd:GaN and implanted with
1·1020 Gd/cm3. The S-shape of the low temperature M(H) curve indicates para-
magnetism. The inset shows a residual remanence and coercivity of the hysteresis
which is likely to be an artifact as described in [87]. b) XRD spectra of GaN and
Gd:GaN grown on sapphire. The double-peak structure originates from the X-ray
source itself, namely Cu Kα1,α2 . The additional reﬂections due to implantation are
similar to samples grown on SiC (see ﬁgure 4.1).
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Figure 4.5: ESR spectra of Gd implanted GaN grown on sapphire at θ = 0 and
T = 5 K. A additional resonance with a peak to peak width of 15 mT is visible in
the implanted samples. The signal is slightly distorted by the cavity background and
an additional narrow resonance around 340 mT. The upper inset shows the shifted
narrow line visible at θ = 20◦. In the lower inset the temperature dependence of the
inverse of the peak to peak intensities of the broad resonance is plotted. The linear
behavior is visualized by a ﬁt (blue line). Small deviations at T = 5 K are due to
saturation eﬀects.
aggravate useful information gain. Therefore samples grown on a diﬀerent substrate
were likely to yield further insight. First of all the absence of a FMR like signal
at room temperature was conﬁrmed, which is in this case in agreement with the
SQUID results.
The absence of the nitrogen lines in low temperature magnetic resonance spectra
as shown in ﬁgure 4.5 leads to a very diﬀerent spectrum compared to the signals of
the samples grown on SiC (see ﬁgure 4.3). The resonance curve of the unimplanted
GaN sample will be discussed ﬁrst. A narrow line (black arrows) – in the following
referred to as A – is visible and originates most likely from the buﬀer layer of Si
doped GaN whereas the broader feature around 325 mT is known to stem from the
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cryostat. Angular-dependent measurements have only shown the narrow resonance
to shift with angle as one may expect, since the cryostat is not rotated. This reso-
nance is tentatively assigned to Si3+(see e.g. [130, 131]), in the GaN buﬀer and can
also be found in the implanted samples.
In the sample with the highest dopant concentration the resonance A and the cav-
ity signal are masked in the θ = 0 scan, because the spectrum is governed by an
intense broad resonance centered at a ﬁeld value of 337 mT which yield a g-factor
of 2.00. The peak to peak width is approximately 15 mT which therefore is clearly
distinct from less broad resonances discussed before in for Gd:GaN on SiC (ﬁgure
4.3). Angular-dependent measurements indicate an isotropic behavior within the
accuracy of the measurement. The green curve in ﬁgure 4.5 shows the spectrum of a
sample with a reduced implantation dose of 1·1019 Gd/cm3. As shown in the upper
inset of ﬁgure 4.5 the signal A becomes also visible in the high implanted sample
for altered angles. The signal A can be used as intensity reference, since all samples
stem from the same wafer with the same buﬀer layer. The relative peak to peak
intensity of the main broad resonance in both implanted samples turns out to be
0.16, which is of the order of the Gd implantation ratio of 1/10 (The slightly higher
value is likely to stem from the cryostat contribution which naturally does not scale
with sample size and acts as an oﬀset in both samples.).
To clarify the origin of the magnetic resonance signal, temperature-dependent mea-
surements were conducted. The lower inset of ﬁgure 4.5 shows the temperature
dependence of the inverse of the peak to peak amplitude of the resonance signal.
This amplitude is proportional to the intensity of the signal and thus to the mag-
netization, since the linewidth does not change noticeable with temperature. The
values are well described by a linear ﬁt crossing the point of origin. This χ ∝ 1/T
dependence corroborates pure paramagnetic behavior. Small deviations at T = 5 K
stem from the onset of signal saturation.
The g-value, the absence of a strong angular dependence, and the temperature
dependence of the peak to peak intensity of the above discussed signal could be
interpreted in terms of a 4f 7-ion in the S7/2 ground state like Gd. In addition the
signal scales roughly with the implantation dose.
However, this spectrum is diﬀerent from what is reported in literature [132] and
calculated from theory [52] for substitutional Gd3+ in GaN. The 4f 7-ion in the S7/2
ground state is reported to show seven well separated ﬁne structure lines, observable
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at X-band frequency and described generally by:























Here the inﬂuence of the crystal ﬁeld is described by parameters Bmn and the Steven’s
spin operators (see e.g. [52], table 16) . The absence of such an energy splitting
and respective spectrum indicate random, non substitutional incorporation of Gd
(possibly due to the implantation process), which makes respective energy level cal-
culations obsolete 2. Moreover extensive line broadening of Gd due to interaction
with implantation defects should be taken into account. As an alternative source
of the resonance shown in ﬁgure 4.5 one may consider paramagnetic defects or con-
duction band resonances, both could be induced by the implantation. A conduction
band resonance is rather unlikely as discussed in [133], since the resonance shows no
temperature-dependent broadening. A potential paramagnetic defect in turn should
also contribute to the magnetization as it is measured by SQUID (ﬁgure 4.4). If
one calculates the maximum magnetic moment originating form the amount of Gd
in the sample:
MGd[Am2] = 1.6 · 1014 × 7.93µB︸ ︷︷ ︸
7.93×9.274·10−24Am2
= 1.2 · 10−8 Am2 (4.2)
The magnetization measured at T = 5 K will reduce to ≈ 90% due to thermal ex-
citations, which can be derived from the Brillouin function. The magnetic moment
as measured by SQUID is about 2·10−8 Am2. Therefore the maximum Gd contribu-
tion can only account for roughly the half of this. Thus a signiﬁcant magnetization
contribution of paramagnetic defects caused by the implantation is likely.
4.2.3 Element specific investigations of Gd:GaN
As can be seen from the results on the diﬀerent samples of Gd:GaN the role which
Gd plays for the magnetism in this dilute magnetic semiconductor is not under-
standable in a straightforward way. Therefore element speciﬁc measurements were
carried out to clarify magnetic as well as structural properties.
XMCD and XLD measurements were conducted at the L3-edge of Gd at the
2Similar resonance signals were found for Gd:ZnO grown by reactive magnetron sputtering
(RMS) .
76 EXPERIMENTAL RESULTS FOR Gd:GaN




































T = 7 K
a)
Figure 4.6: Element speciﬁc hysteresis taken at the Gd L3-edge of a sample with
nominally 2·1019 Gd/cm3. The terms up and down refer to the sweep direction of
the magnetic ﬁeld. Fits with Brillouin or Langevin functions at T = 7 K fail at
T = 40 K. The saturation of the additionally plotted SQUID hysteresis is adjusted
to the T = 40 K data. Assuming the same scaling factor as for the XMCD hys-
teresis to account for the T = 7 K data leads to a mismatch, which originates from
additional magnetic contributions.
ESRF at beamline ID12. The Gd absorption edge of FIB implanted samples with
the highest doses turned out to be barely detectable. A Gd implantation dose of
1·1015 Gd/cm2 ( = 1·1020 Gd/cm3) on an area of typically 4 x 4 mm2 is equivalent
to solely 1.6· 1014 atoms (distributed in layer of ≈ 100 nm thickness). This is at
the detection limit of synchrotron measurements which can be sensitive down to the
mono layer range depending on the background signal.
Synchrotron measurements were preferably conducted on samples grown by MBE,
since room temperature ferromagnetism as measured by SQUID was also reported
for these [96].
In ﬁgure 4.6 a) and b) the ﬁeld dependence of the XMCD (red and black symbols)
at the Gd L3-edge at two diﬀerent temperatures for an MBE -grown, nominally
2·1019 Gd/cm3 doped sample is shown. The scans were taken at grazing incidence
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(15◦) by total ﬂuorescence yield as described in more detail in chapter 2.4 and pub-
lished in [134]. The magnetization curves in a) resemble paramagnetic behavior.
The pink dashed and blue solid curves are Brillouin and Langevin ﬁts, respectively.
The Langevin ﬁt using a magnetic moment of 12 µB seems to represent the func-
tional dependency slightly better but both ﬁts fail to account for the T = 40 K data
presented in the right plot. Therefore Gd can be excluded to behave purely para-
magnetic in this sample. This discrepancy of the temperature dependence will be
discussed in more detail in section 4.4 .
In ﬁgure 4.6 additional SQUID measurements of the respective sample are plotted
(green triangles). The data were normalized to the saturation value of the XMCD
measurement at T = 40 K. The diﬀerence in the shapes of the M(H) curves be-
tween XMCD and SQUID indicates additional magnetization constituents. The
7 K SQUID data are normalized with respect to the 40 K XMCD - data. There-
fore, the diﬀerence of the magnetization between SQUID and XMCD data in a)
demonstrates magnetic contributions apart from Gd. This result indicates either
signiﬁcant inﬂuences of the host crystal, the GaN matrix, or a magnetic contamina-
tion of the sample.
This becomes even more obvious from the data in ﬁgure 4.7 which were taken with
a magnet setup with higher ﬁeld resolution but lower maximum ﬁeld than in ﬁgure
4.6. Figure 4.7 a) shows the XANES and XMCD at the Gd L3 absorption edge of
the same sample at T = 295 K (red curve). The dopant atom apparently does not
contribute to the room temperature ferromagnetic-like signal which is derived from
SQUID-measurements, since there is no dichroism visible at this temperature. The
lack of dichroism corroborates pure paramagnetic behavior of the dopant above the
Curie-temperature of bulk like Gd (≈ 293 K). This yields further doubt on a direct
inﬂuence of Gd on the high temperature magnetization.
The green curve in ﬁgure 4.7 a) shows the XMCD at a temperature of T = 15 K.
This temperature was chosen for a XMCD hysteresis measurement, which is depicted
in b). Because of the high ﬁeld resolution of the magnet setup the experiment can
account even for small coercive ﬁelds. Within the noise level of the data a remanent
magnetization and a coercive ﬁeld stemming from the Gd-atoms can be excluded.
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Figure 4.7: a) Gd L3 absorption edge for grazing incidence and XMCD at T = 15 K
and T = 295 K. No dichroism is visible at room temperature. b) XMCD hysteresis
taken at T = 15 K with a high ﬁeld resolution showing no remanence of the dopant.
Within the accuracy of the experiment neither a remanence nor a coercivity is
detectable.
4.3 Matrix polarization and magnetic polarons
So far, room temperature ferromagnetism of hexagonal Gd:GaN is predominantly
claimed based on integral magnetization measurements by SQUID magnetometry
[23]. The calculation of the magnetization contribution per Gd atom for the low-
est implantation doses yields an astonishing number of up to 8000 µB [125]. This
in turn means that Gd with an atomic moment of 8 µB itself can just account for
1/1000th of M. The absence of ferromagnetic signatures in magnetic resonance mea-
surements and the paramagnetic behavior of the dopant atom itself, further stresses
the importance of the GaN host. A coalescence model suggested by Dhar et al.
[65] assumes a polarization of the GaN matrix around the Gd atoms. According
to this model long range magnetic order in the material depends on the overlap of
the respective polarization spheres. From the lowest dopant concentrations reported
(1016 Gd/cm3) [65] resulting in a ferromagnetic behavior, this sphere of inﬂuence
can be calculated to have an enormous size of 28 nm. For Ga atoms inside this
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sphere this would mean a average polarization of 1.1·10−3 µB per atom. To clarify
this, element speciﬁc XMCD measurements at the Ga K-edge and Ga L-edge have
been performed.
An MBE grown sample with a nominal concentration of 2·1019 Gd/cm3 was cho-
sen, which suggests room temperature long range magnetic order when measured
by SQUID. Note that at this concentration practically all Ga atoms are assumed to
be polarized, i. e. within a sphere of inﬂuence according to the model by Dhar et
al. . The major challenge of XMCD measurements was to rule out artifacts, since
the claimed polarization of Ga is very small. As described in section 2.4 helicity
and magnetic ﬁeld direction were both reversed, to account for this. The reliable
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Figure 4.8: XAS and XMCD at the Ga K-edge. a) Absorption spectra for grazing
and normal incident b) Very small XMCD signal after correction of 20 times larger
residual XLD artifacts for grazing incidence. Qualitative similar spectral features
for normal and grazing incidence support a very small magnetic polarization of Ga.
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It should be emphasized that the circular polarization transfer rate of the X-ray
beam which is monochromatized by a Si(111) double crystal monochromator is
about 98%. A small linear polarization component at 45◦ (P2 Stokes - Poincaré
parameter) is also generated by the monochromator at this energy and is of the
order of 3%. By reversing the phase of the helical undulator, not only the circular
polarization of the monochromatic X-ray beam is altered (helicity is reversed) but
also there is a signiﬁcant change of P2 [135]. The c axis of the sample is never
aligned perfectly parallel to the vertical component of the light when looking into
the light source, thus this situation leads to a contamination of the experimental
spectra with a linear dichroic signal. However, this residual XLD signal does not
reverse with the magnetic ﬁeld, and thus, can be analyzed separately.
The residual linear dichroic eﬀects are suppressed best with the c-axis oriented par-
allel to the incidence beam, i.e. normal to the sample surface of a c-plane wurtzite
crystal.
The diﬀerent ﬁne structure of the absorption edge for grazing and normal incidence
can be seen clearly in ﬁgure 4.8 a). In b) the XMCD spectra for both orientations
are shown together with the residual XLD of the grazing incidence measurement,
which was derived from spectra of opposite magnetic ﬁeld directions. Note that the
XLD amplitude is 20 times larger than the XMCD, thus indicating that the signal
size is close to the detection limit. Only the similar spectral shape for grazing and
normal incident makes the XMCD credible. A very small dichroic signal of 0.013%
can be derived from both measurements.
The expected size of the XMCD signal at the K-edge, which is a measure of the
orbital fraction of the magnetic moment at the Ga 4p states, can be estimated.
From SQUID measurements, an overall magnetic polarization inside the spheres of
inﬂuence of 1.1·10−3 µB can be derived. The XMCD results can be compared to
recent experimental data recorded at the Ga K-edge of InGaMnAs [136]. Here, a
Ga 4p orbital moment of 8(4)·10−5 µB has been correlated with a maximum XMCD
intensity of 0.05%.
Using this number for comparison with the XMCD in ﬁgure 4.8 b) the polarization
can be roughly estimated to be at most 1·10−5 µB. Note that in reference [136] the
XMCD consists of only one positive feature resulting in a ﬁnite integral. In con-
trast in ﬁgure 4.8 b) the integral will be close to zero due to positive and negative
contributions. Therefore the inferred magnetization is an upper bound for the Ga
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polarization.
This polarization is at least one order of magnitude smaller than what is inferred
from SQUID measurements. The size of the XMCD signal at the Ga K-edge is
therefore too small to corroborate the sphere of inﬂuence model.
Additional XMCD measurements at the Ga L3-edge have further corroborated the
absence of any polarization of the order of 10−3 µB [137].
4.4 Phase separation and clustering
In this section attempts are made to ﬁnd extrinsic origins of ferromagnetic signatures
of Gd:GaN. The ﬁrst part presents experimental indications of phase separation in
samples which are potentially free of secondary phases as found by XRD . The second
part deals with a sample with evidenced clustering.
4.4.1 Indications of phase separation in Gd:GaN
Figure 4.9 a) shows the magnetic resonance scans at T = 5 K as a function of the
polar angle for a MBE-grown sample with a Gd-concentration of 2·1019 Gd /cm3,
which was already discussed in ﬁgures 4.6, 4.7, and 4.8. Around magnetic ﬁeld val-
ues of 335 mT the sample holder and nitrogen donors in the SiC substrate cause a
strong signal which saturates the detector diode due the chosen spectrometer set-
tings. This part of the spectrum was already discussed in sections 3.1 and 4.2.
Within the remaining range of the spectra several magnetic resonance signals can
be observed. The most prominent appears at 240 mT for an in-plane geometry,
i.e. B⊥c and is referred to as Res 1 in the following. This signal was also found
in a 1·1018 Gd /cm3 doped sample but with strongly reduced intensity. Plot b) of
Figure 4.9 shows the angular dependence of the resonance ﬁeld in the range where
the signal was traceable revealing uniaxial behavior. Corresponding g-values change
from 1.9 to 2.8, which suggests a signiﬁcant inﬂuence of the crystal ﬁeld if a param-
agnetic origin is assumed. In addition the angular dependence of a second resonance
ﬁeld (Res 2) is partly shown. Note that the two signals have an opposite anisotropy,
making a paramagnetic origin unlikely. Res 1 was subject to more detailed investiga-
tions. Figure 4.9 c) shows resonance ﬁeld (red squares), full width at half maximum
(FWHM)(green triangles), and intensity (black circles) of the line evolving with tem-
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Figure 4.9: a) Stack plot of ESR-scans at diﬀerent polar angles for a MBE grown
sample with nominally 2·1019 Gd /cm3. b) shows the angular dependence of the two
most prominent FMR-like lines visualizing the uniaxial behavior at least for Res 1.
c) Resonance ﬁeld (squares) and linewidth (FWHM, triangles) from Res 1 as a
function of temperature. Above 40 K no resonance could be observed. Additionally
the intensity of the resonance is plotted, normalized to the value at 5 K [102].
perature. The FWHM of 12 mT at 5 K increases up to 17 mT at 40 K. Such broad
signals are typical for ferromagnetic resonance. Paramagnetic signals of this width
- in particular, in a well ordered crystal environment at such low dopant concen-
tration and temperatures of 40 K - are rarely known. With increasing temperature
the resonance ﬁeld shifts towards higher ﬁelds (g = 2 at 336 mT, ν = 9.4 GHz)
but this eﬀect is less evident than the line broadening - possibly due to the relative
narrow temperature range. At 50 K the signal is already indistinguishable from
the background. In addition the normalized intensity (the double integration of the
shown resonance curves) is plotted in Fig 4.9 with respect to the 5 K data. While
the FWHM and its temperature dependence of Res 1 point towards a ferromagnetic
origin, the intensity resembles a paramagnetic, Curie-like 1/T behavior.
Further, a spin 1
2
-reference was used to estimate the absolute number of spins con-
tributing to Res 1. The intensity in the out-of-plane geometry can be assigned to
2·1013 1/2-spins. The estimated absolute amount of Gd atoms in this sample is also
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2·1013. Assuming that each Gd atom contributes with spin 7/2 the result indicates
that the observed signal originates only from 1/7 of the Gd content. Therefore only
a small fraction of the incorporated Gd is visible in ESR whereas the majority of
Gd atoms is not.



































 Gd on Ga sites
 Gd on N sitesa)
Figure 4.10: a) Simulated XLD spectra for Gd atoms on Ga- and N-sites, respec-
tively. b) X-ray linear dichroism at the Gd L3-edge proving the Gd to be predomi-
nately incorporated on substitutional sites. The largest deviations of experimental
from simulated spectra occur at the muﬃn tin energy at 7.253 keV.
Element speciﬁc structural investigations by XLD yield further information on these
two fractions. In ﬁgure 4.10 a) simulated XLD spectra for Gd on Ga and on N-sites
are shown. The spectra were simulated with the FDMNES code for a Ga23GdN24
super cell. Details can be found in [134]. The two spectra in a) reveal very diﬀerent
XLD signals for substitutional and antisite incorporation of the dopant. The am-
plitude of the XLD signal of substitutional Gd is about seven times the signal of
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antisite Gd.
In b) the experimental XLD spectrum is shown. The curve is in good agreement
with the expected spectral shape for substitutional Gd. Deviations around 7.252
keV originate predominantly from the muﬃn tin approximation of the simulation.
Quantitative statements about the substitutional Gd incorporation could be derived
from the amplitude of the main feature at 7.247 keV.
Additionally to the experimental data in 4.7 b) simulations for a diﬀerent amount
of antisites are shown. The simulated and experimental amplitude is ﬁtted best for
an amount of 15% of antisites. It is important to note that a random distribution
of 15% of the Gd atoms would have a comparable eﬀect of a reduced amplitude
because these cause virtually no XLD signal.
Assuming 15% Gd-atoms in a diﬀerent phase than paramagnetic Gd3+ on Ga sites,
this result can be compared with magnetic resonance measurements, which have
shown only 15% of the Gd to be source of the observed resonance signals. This
would be consistent with the formation of ferromagnetic Gd or GdN clusters, which
yield no XLD signal in case of a cubic phase or random orientation. Further, as
shown in section 4.2 in ﬁgure 4.6, element speciﬁc hysteresis taken at T = 7 K and
T = 40 K were not well-ﬁttable with the same Brillouin or Langevin function. The
origin of this magnetization behavior may be explained within a two phase model.
While at T = 7 K and high magnetic ﬁelds (5 T) the paramagnetic Gd3+-ions rep-
resent the dominating contribution to the magnetization, this changes at T = 40 K,
due to the 1/T temperature dependence. At 40 K possible ferromagnetic clusters
with a macrospin can represent a signiﬁcant fraction of the Gd speciﬁc magnetiza-
tion. Note that in ﬁgure 4.6 b) the measured XMCD signal is about 1·10−2 larger
than expected from the Brillouin ﬁt. Assuming that at 7 K both phases could be
almost saturated, whereas at 40 K this happens only for the clustered phase, the
ratio of the diﬀerent saturation magnetization contributions can be derived:
XMCD5T (40K)− Brillouinfit5T (40K)
XMCDsaturation(7K)
≈ 1 · 10
−2
6.5 · 10−2 = 0.15 (4.3)
For further interpretation the XMCD data of ﬁgure 4.7 are reevaluated. The satu-
ration magnetization is assumed to consist of two contributions:
Ms = 0.85 ·Ms(Gd3+) + 0.15 ·Ms(cluster) (4.4)
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The cluster contribution can be described by a Langevin function (which is the














In this case m represents the magnetic supermoment of the particle with arbitrary
(inﬁnite J) alignment with respect to an external ﬁeld. In the following the nomina-
tor of y in the Langevin function is chosen to be 100 times the one of the Brillouin
function ( m = 100 · gJµB) 3. This simply reﬂects a higher magnetic moment (a
supermoment) of a nanoparticle than a single ion. Note that such a nanoparticle
has roughly a diameter of 2 nm 4, which is just below the detection limit of XRD.
The larger nominator causes a diﬀerent temperature dependence, since this depen-
dency of Brillouin- and Langevin function is governed by y ∝ 1
kBT
. In ﬁgure 4.11
a) the black curve represents an Brillouin function with J = S = 7/2 which is close
to saturation at high ﬁelds. Note that the XMCD data at 7 K of ﬁgure 4.6 show
a similar behavior. The red and the green curves in ﬁgure 4.11 depict the reduced
Brillouin function (85%) and the Langevin function which saturation magnetization
reaches 15% of the black Brillouin function. The blue line represents the sum of the
reduced Brillouin function and the Langevin function.
Already at this point it is worth to mention that the measured 7 K data in ﬁgure
3The actual size of m might vary over a wide range, since it hardly influences the following
considerations as long as the Langevin function saturates at lower fields than the Brillouin function.
4Assuming a spherical particle with hcp structure.
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T = 7 K
a)
Figure 4.11: M(H) curves modeled by a superposition of Brillouin and Langevin
functions. a) The saturation magnetization of a Brillouin function (black) is split
into a 85% Brillouin like (red) and 15% Langevin like (green) magnetization. The
sum of both contributions (blue) at T = 7 K still matches relatively well with the
original 100% Brillouin function. b) At higher temperature the mismatch between
both curves becomes obvious. Note that over a wide ﬁeld range the diﬀerence
corresponds approximately to the saturation magnetization of the Langevin function
(orange bars). The rescaled XMCD data of ﬁgure 4.6 are plotted in addition (grey).
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4.6 are underestimated by the Brillouin ﬁt, which is adjusted to the saturation value
of the XMCD data. In the simulated curves of ﬁgure 4.11 a similar mismatch can be
seen between the black and blue curves. For better visualization the XMCD data
of ﬁgure 4.6 have been normalized to the value at a ﬁeld of 5 T. As can be seen in a)
the superposition of the Brillouin - and Langevin function yields a better agreement
with the experimental data.
For ﬁgure 4.11 b) Langevin and Brillouin function were calculated accordingly for
T = 40 K and XMCD data were rescaled with the same factor as for the T = 7 K
plot to obtain comparability. At this temperature the diﬀerent behavior of the two
phases becomes more pronounced since the slope of the Brillouin function is strongly
reduced. In the available ﬁeld range the Brillouin function shows a almost linear
behavior, while the Langevin function still saturates at relatively low ﬁelds and acts
solely like an oﬀset at higher ﬁelds. Due to the small slope of the Brillouin function
the absolute diﬀerence between the 100% curve and the 85% curve is rather small
over a wide ﬁeld range. Conclusively the diﬀerence (orange bars) to the superpo-
sition of Langevin and Brillouin function is given approximately by the saturation
value of the Langevin function, which describes the clustered phase. The respective
ratio of para- and superparamagnetic phase contribution was already calculated by
equation 4.3. In contrast to the pure Brillouin- or Langevin functions used in ﬁgure
4.6 the weighted superposition in ﬁgure 4.11 also describes the experimental values
at T = 40 K reasonably well.
A more realistic modeling of a cluster ensemble should account for size distribu-
tions, blocking temperatures and anisotropies as well a distribution of individual
Curie-temperatures of the nanoparticles. However, the general mechanism of the
superposition of a magnetic phase saturating at low ﬁelds and a pure paramagnetic
one – hardy saturable at elevated temperatures – would remain the same. Therefore
the temperature dependence of the element speciﬁc magnetization curve has to be
considered as a clear evidence of the existence of phase separated clusters carrying
supermoments in agreement with ESR and XLD results.
4.4.2 Gd:GaN with evidenced clusters of GdN
This section deals with a 2.9% Gd doped Gd:GaN sample grown on sapphire, where
phase separated GdN can be detected by XRD. A analysis with the Scherrer formula
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[138] yields a average cluster size of 27 nm [139]. Many results of this sample can be
transferred to samples with lower dopant concentration to illustrate eﬀects related
to clustering.
The FC/ZFC curves of the 2.9% doped Gd:GaN sample are shown in ﬁgure 4.12. A
clear separation of both curves up to approximately 60 K is visible. The low tem-
perature regime is governed by the 1/T increase due to paramagnetic Gd. At higher
temperatures up to 70 K the magnetization behavior of the sample is likely to result
from the GdN phase. A mixture of superparamagnetic and blocked ferromagnetic
cluster can account for the FC/ZFC splitting up to 70 K.
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Figure 4.12: FC/ZFC curves indicating GdN phase separation. In the low temper-
ature regime (< 10 K) paramagnetic contributions result in a 1/T behavior. Up to
70 K M(T) is governed by a SPM and FM phase. The sharp drop at 70 K reveals
the breakdown of ferromagnetic order in GdN (TC(GdN)≈ 68 K). The inset shows
a separate measurement where the sample was cooled down only to 100 K. The
residual FC/ZFC splitting indicates a very small amount of Gd cluster (TC(Gd)≈
298 K).
The FC and ZFC curves show a sharp drop at 70 K. This can be understood as the
ferromagnetic to paramagnetic phase transition of GdN clusters big enough to show
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bulk like Curie-temperatures 5.
The inset of ﬁgure 4.12 shows the temperature range from 100 K to 300 K on an
enlarged scale. Even in this temperature regime a small splitting of the measured
magnetization curves is visible up to approximately 250 K. This indicates a residual
amount of Gd clusters in this sample. However, the small signal is close to the
detection limit [87].
Figure 4.13 shows magnetic resonance measurements in a) out-of-plane and b)
in-plane geometry at diﬀerent temperatures. Even though the signal-to-noise ra-
tio is excellent the line shape is obviously not the derivative of neither a Gaus-
sian nor a Lorentzian 6. This is indicative for a superposition of resonance lines.
Even though the signal is attributed to a distribution of intrinsic ferromagnetic
GdN clusters a feature of bulk-like ferromagnets becomes visible: With increasing
temperature the anisotropy is reduced resulting in a shift of the resonance ﬁeld
towards g = 2 ("ω
γ
") (≈ 337 mT). Conclusively the out-of-plane resonance ﬁeld is
reduced and the in-plane resonance ﬁeld increased (see left insets). The angular
dependency (upper inset in a)) of the line indicates relatively small anisotropies of
the individual clusters. The black line is not a ﬁt but a cosine function as guide






) shows clear deviations (blue dotted curve). Thus
a paramagnetic origin of the signal becomes unlikely.
The right inset of ﬁgure 4.13 b) shows the temperature dependence of the intensity,
derived by the double integration of the signal. Already at 30 K the resonance is dif-
ﬁcult to be identiﬁed because of the background signal as indicated by the hatched
area in the plot.
In ﬁgure 4.14 the dependence of the intensity of the ESR signal on the incident
microwave power in the out-of-plane geometry is shown. In b) and c) the corre-
sponding spectra are plotted, whereas a) shows the peak-to-peak amplitude of the
signal which is proportional to the intensity in case of constant line shape. The
measurement was taken with ﬁxed spectrometer settings to ensure comparability.
The power dependency is expected to be Ipp ∝
√
PMW , since only magnetic (dipole)
transitions cause the energy absorption.
5TC(GdN)≈ 68 K
6The feature appearing with increasing temperature at low fields in a) was assigned to a sample
holder contamination.
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Figure 4.13: Temperature dependence of the resonance signal for in-plane and out of
plane geometry for clustered Gd:GaN (ν = 9.4 GHz). A reduction of the anisotropy
with increasing temperature manifests in shifts of the resonance ﬁeld towards g = 2
("ω
γ
") for in/out-of-plane orientation. The narrow superimposed line is a contribution
from the sapphire substrate. The upper inset in a) shows the angular dependence
of the resonance. In the right inset in b) the temperature dependence of the signal
intensity is plotted.
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Figure 4.14: Power dependence of the signal intensity. A monotonic behavior with
increasing power is visible. Note that the narrow line (black arrow in c)) can be
saturated as it vanishes at high power values.
For paramagnetic resonance an important deviation from this proportionality occurs
in case of saturation, which means an equal population of the respective energy lev-
els. In this case the induced emission of photons cancel out the absorption and the
resonance line vanishes (see e. g. ﬁgure 3.7). This is hardly possible in ferromagnetic
resonance, since the photon interacts with an exchange coupled spin system. The
latter is also valid for the magnetic moment of single domain nanoparticles, at the
available microwave powers. Figure 4.14 a) shows a monotonic increase of the signal
intensity with increasing power, which is therefore consistent with a superparamag-
netic cluster ensemble. Note that the paramagnetic impurities of the substrate are
saturated at high power values (black arrow in ﬁgure 4.14 b) and c)).
In addition to the integral measurement methods, like SQUID or ESR, element
speciﬁc investigations were conducted for the clustered sample and are summarized
in ﬁgure 4.15. The black curve in a) shows the XANES at the Gd L3-edge. The high
Gd concentration and the layer thickness (≈ 500 nm) result in a clear absorption
edge. The respective XMCD curves have a high signal to noise ratio. At 150 K
the dichroic signal is still suﬃcient large for hysteresis measurements. However the
300 K XMCD data do not indicate any magnetic dichroism of the dopant. This is
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Figure 4.15: Synchrotron measurements on clustered Gd:GaN. a) Gd L3 absorption
edge spectrum and XMCD at diﬀerent temperatures. b) Element speciﬁc M(H)
curves. The upper inset shows the opening of the hysteresis. The lower inset shows
the saturation at high ﬁelds. c) Fitting of the experimental data by superposition
of a Langevin and a Brillouin function. d) Evaluation of a non-Brillouin-like M(H)
component (see text).
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in agreement with a paramagnetic behavior leading to a negligible magnetization at
high temperatures.
In ﬁgure 4.15 b) the XMCD hysteresis measured at 15 K over a ﬁeld range from
-0.6 to +0.6 T with high ﬁeld resolution is shown. Besides an overall s-shape a
remanence and coercivity is visible. The upper inset in b) shows the open hysteresis
on an enlarged scale. Two additional XMCD hysteresis are shown in the lower inset
of b) at temperatures of 150 K and 6.5 K, respectively. These measurements cover
a ten times larger ﬁeld range (6 T) with less ﬁeld resolution, showing the saturation
behavior. Further analysis of these data was carried out in c) and d) which will be
described in more detail in the following:
The sample is assumed to consist of two contributions, paramagnetic Gd3+-ions and
a population of superparamagnetic clusters, in particular Gd or GdN agglomera-
tions 7, which was already discussed along with the SQUID measurements in ﬁgure
4.12.
Ms = x ·Ms(Gd3+) + (1− x) ·Ms(cluster) (4.9)
One approach to separate the diﬀerent magnetization contributions relies on the
XMCD M(H) curves. For this, the M(H) curve is normalized at a ﬁeld value of 6
T (ﬁgure 4.15 c)). The respective Brillouin function is normalized in a similar way.
Obviously the Brillouin function cannot describe the experimental data. Using the
ansatz 4.9 the experimental data are ﬁtted best for a superposition of 50% of a
Langevin function (m = 50 µB) and of a 50% Brillouin function (J = S = 7/2).
Note that smaller supermoments result in deviations at higher ﬁelds and larger su-
permoments in deviations at small ﬁelds which cannot be adjusted by changing
fractions of Langevin or Brillouin like components, respectively.
A second possibility to evaluate the data is illustrated by ﬁgure 4.15 d). The XMCD
at 150 K data are rescaled to a Brillouin function (red curve) with normalized satu-
ration magnetization, since at 150 K all Gd atoms assumed to behave paramagnetic.
The experimental data taken at 6.5 K are rescaled according to the XMCD ratio
shown in ﬁgure 4.15 a). Obviously the experimental data (blue squares) show a
diﬀerent magnetization than expected from the Brillouin function at 6.5 K (green
curve).
7This approach neglects the small remanence shown in b) but since conclusions are solely derived
from high field data the deviations are acceptable.
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To extract the magnetic behavior of the non-Brillouin like component, the Brillouin
function is subtracted from the experimental data. The residual M(H) curve shows
a negative slope with increasing ﬁeld values (not shown), which is unphysical. This
can be adjusted by assuming less Gd atoms to behave paramagnetic at low tempera-
tures, i. e. the weight of the Brillouin function is reduced. Assuming full saturation
of the residual M(H) component within the magnetic ﬁeld range, the Brillouin com-
ponent has to be reduced to 60%. In turn this means a 40 % Langevin component
(pink curve) according to the ansatz in 4.9. Additionally the residual M(H) curves
for a 50% and 70% Brillouin contribution are plotted (dotted lines), showing slopes
diﬀerent from zero at high ﬁelds.
Finally, the diﬀerent results of the two evaluation methods have to be discussed.
The assumption of a fully saturated residual M(H) component might not be ful-
ﬁlled. A distribution of supermoments of diﬀerent size in the sample seems more
realistic. In this case very small supermoments will not be fully saturated at high
ﬁelds. Taking this into account, the non-Brillouin like M(H) curve might still have
a positive slope at high ﬁelds. Therefore the alternatively shown M(H) curve in d)
for 50% (orange), could also be reasonable. Thus the diﬀerent derived fractions of
both methods can agree within the error bar.
The second analysis method crucially depends on the XMCD ratio derived from a),
which means another problem has to be accounted for, which is visible in ﬁgure
4.15 d): The experimental data in d) have been scaled to the normalized Brillouin
function at 150 K, therefore the low temperature data, rescaled by the XMCD ratio,
should also be normalized. Instead the data clearly exceed the saturation value of
1. Assuming a solely paramagnetic Gd3+ contribution at 150 K, the ratio of the
magnetization at 150 K to the magnetization at 6.5 K for a applied ﬁeld of 6 T can
be calculated. The respective Brillouin function is based on J = S = 7/2 and g = 2.
The derived ratio can be compared with the ratio of the maximum XMCD values 8.
B7/2(150K, 6T )
B7/2(6.5K, 6T )
= 0.0909 6= XMCD(150K, 6T )
XMCD(6.5K, 6T )
= 0.0746 (4.10)
This result is indicative of some excess magnetization as measured by XMCD at 6.5
K, since at 150 K all Gd3+ ions are assumed to behave paramagnetic. The additional









8A constant magnetic moment per Gd atom is assumed.
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As will be shown in the following this XMCD fraction cannot be explained by a
ferromagnetic phase transition, since also the paramagnetic phase is close to satu-
ration at 6 T. A superparamagnetic phase at 6.5 K and 6 T is approximated to be
fully saturated. Therefore the low temperature signal will consist of a paramagnetic
phase (fraction a) which is 88% saturated (B7/2(6.5K, 6T )) and a 100% saturated
superparamagnetic phase (fraction 1− a):
B7/2(150K)
a ·B7/2(6.5K) + (1− a) · 1 = 0.0746⇒ a = −0.64 (4.12)
This result means a fraction of only a/(1 − a) ≈ 39% of paramagnetic Gd atoms
at T = 6.5 K. However in view of the negative sign of a the ansatz in 4.9 has to
be questioned, since it means that the sample has more magnetic moment at 6.5 K
than at 150 K.
This can also be interpreted the other way round, resulting in a missing magnetic
moment at 150 K, which can be determined to be 22%.
Antiferromagnetic coupling and therefore loss of magnetic moment can be consid-
ered as explanation. Antiferromagnetic phases of rare earths compounds are well
known and subject to recent research [140]. In particular the separation of a low
temperature ferromagnetic phase from a paramagnetic phase by an antiferromag-
netic phase at elevated temperatures has been shown [141]. However, GdN has been
considered as an exception since such a separation is so far unknown. Nevertheless
the special conditions of nanoparticles embedded in a host crystal might easily alter
the eﬀective magnetic coupling resulting from competing RKKY and superexchange
interactions [142]. Note that the magnetic moment used for the Langevin compo-
nent in ﬁgure 4.15 c) is very small with respect to the XRD estimated cluster size
of 28 nm, also indicating the compensation of moments.
In summary these considerations show that both evaluation methods used to de-
rive the fraction of a superparamagnetic phase agree within the error bar. This is a
strong evidence for a clustering tendency in Gd:GaN at a concentration of 2.9% Gd.
4.5 Discussion: Gd:GaN
The dilute magnetic semiconductor Gd:GaN, which is claimed to show ferromag-
netism even far above room temperature, has been studied in concentrations varying
from 10−5% to 2.9% of Gd atoms. The low concentration regime could be addressed
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by focused ion beam implantation whereas higher concentrations were obtained by
MBE growth.
Basically two sets of hexagonal GaN samples implanted with Gd were under inves-
tigation. The sets were grown on diﬀerent substrates, 6H-SiC(0001) and sapphire
(0001), but with comparable high crystalline quality as shown by XRD . Structural
eﬀects of the implantation were only observed for highest implantation doses of
1·1015 Gd/cm2 corresponding to concentrations of 1·1020 Gd/cm3, respectively.
Magnetic characterization by SQUID measurements yields diﬀering results for both
types of samples. While the Gd:GaN ﬁlms grown on SiC exhibits ferromagnetic-like
features even at room temperature, the series of ﬁlms grown on sapphire shows no
indications of ferromagnetism.
In the latter series a 20 mT broad magnetic resonance could be observed, which
roughly scales with the implantation dose. No angular dependency and a g-value of
2.00 was found, which is typical for a 4f7 ion in the S7/2 state. The structural dam-
age evidenced by XRD and the absence of any ﬁne structure in the ESR spectra on
the contrary point towards paramagnetic defects induced by implantation as origin
of the resonance. This is corroborated by the magnetization values as measured by
SQUID at low temperatures and high ﬁelds which exceeds the possible Gd contri-
bution.
A similar magnetic resonance signal was also found in the highest implanted sample
grown on SiC accompanied by additional paramagnetic signatures. All these mag-
netic resonances vanish after rapid thermal annealing proving no causality between
the room temperature ferromagnetic-like behavior and these signals, since this is
unchanged. The absence of any Gd3+ resonance signature is probably caused by
high fractions of non substitutional ions and line broadening eﬀects due to reduced
structural quality after implantation.
Element speciﬁc information of the role of Gd in Gd:GaN was yielded by synchrotron
measurements on MBE grown samples. XMCD -M(H) curves prove a non-hysteretic
behavior of Gd, also for samples showing a room temperature hysteresis when mea-
sured by SQUID .
Investigation of the local structural condition by XLD revealed that Gd is likely to
be incorporated on Ga-sites as Gd3+ ion (85% XLD amplitude of the expected XLD
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signal for substituional Gd3+) in MBE grown samples 9. In a sample which shows
good structural quality by XRD and XLD as well as SQUID room temperature
hysteresis, the XMCD M(H) curve revealed a superposition of super- and paramag-
netic behavior of the dopant. Experimental M(H) were modeled using Brillouin and
Langevin functions to determine the fractions of the clustered, superparamagnetic
and the purely paramagnetic phase. A ratio of clustered to paramagnetic phase of
1/7 was independently veriﬁed by magnetic resonance measurements. These ﬁndings
clearly indicate secondary phases as origin of ferromagnetic signatures in Gd:GaN.
XMCD measurements performed at the Ga K-edge in two diﬀerent sample geome-
tries revealed a tiny polarization of the host cation. This polarization is shown to
be at least one order of magnitude too small as needed for models claiming a long
range magnetic ordering in Gd:GaN caused by polarized spheres around the dopant.
If one disregards SQUID results, Gd:GaN has to be considered as a (super-) param-
agnetic material. Ferromagnetic-like behavior up to and above room temperature as
found in some samples when measured by SQUID , might be caused by particulari-
ties of the GaN crystals not taken into account so far. Note that paramagnetism has
also been found for Gd implanted cubic GaN [124]. However, possible mechanisms of
a ferromagnetic behavior have to be beyond what is suggested in literature. In view
of the intense research eﬀorts of diﬀerent research groups and the poor reproducibil-
ity of room temperature ferromagnetism in Gd:GaN, ferromagnetic contaminations
have to be considered.
The growth of Gd:GaN always contains the risk of phase separation. The eﬀects of
Gd and GdN clusters on XMCD and FMR measurements are discussed. Results
of element speciﬁc hysteresis and magnetic resonance can be understood within the
framework of cluster distributions of diﬀerent TC .
These results stress the importance of considering phase separation as an origin of
ferromagnetic signatures at low temperatures in integral measurements like SQUID -
magnetometry. Ferromagnetism at and above T = 300 K can not be explained,
neither by a GdN phase nor a Gd phase.
9Note that for the implanted samples the Gd concentration was too low to be measured by
XLD .
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Chapter 5
Experimental results for Co:ZnO
5.1 Preparation of Co:ZnO samples
In contrast to Gd:GaN the portfolio of Co:ZnO samples available for this work was
much more diverse, since this material was also self grown by reactive magnetron
sputtering (RMS) as described in section 2.1 . Similar to GaN the low doping regime
was realized by FIB implantation. Samples with higher concentrations were available
from three common epitaxial growth techniques, namely RMS , PLD and MBE.
Co:ZnO samples used for this work were provided by the following collaborators:
• Samples grown by PLD on sapphire were provided by the group of Prof. S. A.
Chambers 1. Details of the growth process can be found e.g. in [143].
• One sample grown by PLD but on r-plane sapphire and at the very high growth
temperature of 600 ◦C was provided by the group of Prof. H. Adrian 2.
• High dilute samples were produced by focus ion beam implantation of Co+-
ions into ZnO substrates from the CrysTec company [97]. All implantations
were conducted by the group of Prof. A. D. Wieck 3.
• Nanocrystalline Co-doped ZnO powders grown by the group of Prof. Win-
terer 4 were available for investigations. The powders were fabricated by
Chemical Vapor Synthesis. Details can be found in [78] and [144].
1Pacific Northwest National Laboratory, Richland, Washington 99354, USA
2Institute of Physics, University of Mainz, Germany
3Lehrstuhl für angewandte Festkörperphysik, Ruhr-Universität Bochum
4University of Duisburg-Essen, Lotharstrasse 1, D-47057 Duisburg, Germany
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Appendix B provides a tabulated overview of the most important samples, the results
of which will be shown in the following sections.
5.2 Co:ZnO - samples of high structural quality
In this section results of Co:ZnO samples of highest structural quality, as measured
by XRD and XLD are compiled. For high dopant concentrations RMS and PLD
grown samples were under investigation. Consistent results of ion implanted samples
with low dopant concentrations are brieﬂy mentioned at the end.
5.2.1 ZnO doped with 10% Co
Very detailed experiments have been conducted on PLD and RMS grown Co:ZnO
samples with a nominal dopant concentration of 10%. For one PLD grown sample
the dopant concentration has been determined by PIXE . The measured Co content
was 10.8%. The concentration of the RMS samples was given by the composition
of the sputter targets. Deviations from the ratio may occur, since sputtering rates
diﬀer for the respective elements. The composition of one RMS grown sample was
also determined by PIXE yielding a slightly reduced Co content of 9.5%. The high
structural quality of PLD grown samples has also been achieved by RMS . The lat-
ter method was available within the group, which enabled testing of various growth
parameters and has lead to a thorough control of the structural quality. Details of
the growth process are given in section 2.1 . The following section is focused on 10%
doped Co:ZnO samples with high structural quality.
XRD2θ-scans with a FWHM of 0.15◦ at the ZnO (002) peak are reached for RMS
and PLD grown samples, proving the excellent structural quality. Besides the stan-
dard characterization by XRD the local structural quality of the cations was inves-
tigated by XAS and XLD .
Figure 5.1 compiles a complete analysis of the local structure of the Zn- and Co-
cation sites of a PLD grown sample (SC042807B). In a) and b) the Zn and Co K-
edge absorption spectra for vertical and horizontal linear polarized light are shown,
respectively. The c-axis of the sample is chosen to be parallel to the vertical polar-
ization direction. All four spectra show a pronounced ﬁne structure of the 1s→4p
absorption. For higher energies the spectra continue into the EXAFS range. Diﬀer-
ences in the ﬁne structure for the two linear polarizations are visible for both cation
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Figure 5.1: Structural analysis of PLD grown Co:ZnO by XAS and XLD. a) and b)
show the absorption Zn- and Co K-edge for vertical and horizontal linear polarized
light, respectively (full symbols). Corresponding simulated curves are plotted as
open symbols to show the very good agreement of results by the FDMNES code.
c) and d) show the respective diﬀerence of the XANES spectra - the XLD. From
the amplitude of the XLD of the Co K-edge compared to the simulation one can
estimate over 95% of substitutionaly incorporated Co atoms - proving the high
structural quality [24].
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types.
In case of the Co K-edge absorption spectra a special feature is noteworthy. Before
the actual absorption edge a small peak is visible, almost of similar size for both
polarization directions. This preedge feature is known to be characteristic for Co2+.
The origin are hybridized states of the 3d and 4p orbitals which are lower in energy
than the 4p ﬁnal states of the absorption edge [145].
Below the experimental spectra in a) and b) simulations of the respective spectra
are shown, calculated with the FDMNES code as mentioned in section 2.4. The
agreement of the computed spectra with the shape of the experimental curves is
generally very good, despite deviations caused by the muﬃn-tin approximation at
the energies of 9680 eV and 7740 eV, for Zn and Co, respectively. The qualitative
comparison with the shape of the experimental curve yields an important additional
crosscheck of the structural quality besides XRD, since the crystal structure for the
simulations is part of the input ﬁle. Note that the preedge feature is not accounted
for by the simulations.
In the following sections XANES spectra are shown as isotropic (powder) spectra
for better visibility, i.e. no individual spectra for Iver and Ihor, since the information
gain from these is contained in the XLD.
The lower plots c) and d) in ﬁgure 5.1 depict the diﬀerence of the absorption spec-
tra for both polarizations, namely the XLD and the equivalent derived from the
simulations. Both cations show the signature typical for wurtzite. All absorption
spectra are normalized with respect to absorption values before and after the edge at
the same energy. Therefore the derived XLD amplitudes 5 of diﬀerent samples can
be compared quantitatively. Simulation parameters were optimized for the spectra
taken at the Zn K-edge of the best samples. A comparison of the experimental
and computed XLD of Co-atoms on Zn-sites reveal that in the respective sample at
least 95% of the Co atoms are incorporated on substitutional Zn-sites. Co atoms on
diﬀerent sites should result in altered XLD whereas Co atoms on random positions
inevitable reduce the amplitude of the XLD signature 6. This result corroborates
the excellent structural quality on a local atomic scale as suggested by XRD .
In Figure 5.2 the structural characterization of a sputtered sample (080428) in
5The XLD amplitude refers to the first minimum and maximum of the spectrum.
6Extensive studies of possible Co positions and their XANES and XLD spectra have been
performed and will be published. Some details can be found in [93].














































Figure 5.2: XLD measurements at the Co and Zn K-edge of high quality Co:ZnO
sample grown by RMS in comparison to the PLD grown sample. While the Zn
K-edge in a) reveals a XLD amplitude almost similar to the PLD sample and the
simulation, the XLD at the Co K-edge in b) is reduced to 84%. Therefore less Co
atoms have proper wurtzite environment tantamount to less structural perfection
on the local scale [146]. The inset in a) shows the ZnO (002) peak of the XRD scan
proving comparable structural quality on a global scale of both samples.
comparison to the above mentioned PLD grown sample (SC042807B) is compiled.
The amplitude of the XLD spectra at the Zn K-edge is hardly reduced; which is
shown in a). The XLD amplitude of the dopant in turn is reduced to about 84% in
comparison to the PLD sample as can be seen in b). Therefore a reduced amount
of Co atoms are in proper wurtzite environment, i.e. on substitutional sites.
The inset of ﬁgure 5.2 a) presents the corresponding XRDmeasurements which cor-
roborate the comparable structural quality of the sputtered sample on a global
structural scale. The small diﬀerence of the peak positions indicate a 4% smaller
c lattice constant in the PLD sample, which might be due to a slightly diﬀerent Co
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concentration.
Even though the dopant is less good incorporated in the sputtered sample, it has
all magnetic signatures which are characteristic of high quality Co:ZnO, as will be
shown in the following.
The Co speciﬁc magnetic polarization of the PLD sample is plotted in ﬁgure 5.3
as measured by means of XMCD . A comparison with the absorption curve which is
also plotted shows that the most intense dichroic signal is observed at the preedge
feature with a value of 0.3% (black arrow) at an energy of 7712.16 eV.
This energy value was taken for M(H) measurements as presented in the lower graph.
Magnetization curves were taken for both ﬁeld directions (solid/open symbols) over
a range of 6 T at two temperatures of 6.7 K and 40.5 K, respectively. Both M(H)
curves indicate no ferromagnetic behavior. The curve taken at 6.7 K reveals an
s-shape without remanence, indicating only paramagnetic contributions from the
cobalt atoms in the sample. At 40.5 K the hysteresis resembles a straight line with
maximum magnetization values for highest ﬁelds much below the 6.7 K hysteresis.
The functional dependency from applied ﬁeld and temperature is well described by
a Brillouin function assuming S=3/2 and L=1.07. These values correspond to a L/S
ratio of 0.7 derived by application of the sum rules in [147] for a PLD grown 10%
doped Co:ZnO sample. The respective magnetic moment per Co atom is ≈ 4 µB.
Figure 5.4 shows integral measurements of the magnetization behavior as measured
by SQUID for high structural quality 10% Co doped Co:ZnO grown either by PLD
or RMS . The curves are adjusted to the same magnetization value at 4 T for better
comparison. Obviously the M(H) shapes are similar, independent of the growth
method. Adjusting a Brillouin function - again assuming S=3/2 and L=1.07, leads
to a very good agreement with the experimental data.
The presented measurements give a comprehensive, integral and element speciﬁc
view of the magnetic properties of 10% Co doped ZnO of high structural qual-
ity. They yield no indications for ferromagnetism down to temperatures of 5 K.
Room temperature SQUID measurements conclusively do not show any indications
of ferromagnetic behavior (not shown). The presented results on Co0.1Zn0.9O so far
are astonishing, since theoretical predictions and experimental results are reported
which claim strong interactions between the Co atoms resulting in long range mag-
netic order at this Co concentration [21, 27].
What has been not mentioned so far is a misﬁt between the paramagnetic behavior
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Figure 5.3: XMCD at the Co K-edge and hysteresis taken at the Co preedge feature.
The element speciﬁc hysteresis curves were measured at two distinct temperatures
6.5 K and 40.5 K. Both magnetization curves are well ﬁtted by the Brillouin function
with S=3/2 and L=1.07 [24].
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 PLD grown CoZnO (10%)
 mag. sputtered CoZnO (10%) 
 Brillouin F. S=3/2 L=1.07
T = 5 K
Figure 5.4: Magnetization curves measured by SQUID for best grown 10% Co doped
Co:ZnO. Independent of growth method the magnetization can be described by a
Brillouin ﬁt. The value of L=1.07 fulﬁlls the L/S ratio of 0.7 as reported in literature
[147].
of Co, its magnetic moment and the absolute magnetization as measured by SQUID.
With sample size, dopant concentration and thickness, the expected saturation mag-
netization for a ﬁlm containing paramagnetic Co2+-ions can be calculated. For this
purpose the measured moment resulting only from the z-component of J has to be
taken into account, i.e. µz. Additionally one has to consider measurement conditions
as given by the SQUID, in particular a external ﬁeld of 5 T and a temperature of 5 K.
µ(Co2+) = 4.8 µB → µz(Co2+) = 4.1 µB →
M(T = 5 K, µ0H = 5 T ) ≈ 0.88Msat(T = 0 K)
(5.1)
For the high structural quality PLD sample discussed before the calculation of the
samples magnetization yields (3.6 ± 0.3) ·10−7 Am2 in stark contrast to 1·10−7 Am2
measured by SQUID . The SQUID and the XMCD hysteresis are both well described
by a Brillouin function, thus the remaining fraction of Co has to be magnetically
inactive.
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To understand this discrepancy the statistical abundance of diﬀerent Co atom con-
ﬁgurations has to be considered. In chapter 1 the calculated probabilities according
to the work of Behringer [66] were already introduced. The respective formulas
for a 10% statistically distributed Co doping yield only a 28% probability to ﬁnd
a Co atom without any other Co atom as a next cation neighbor. Therefore the
value of the total magnetization can be well understood considering only the mag-
netic moments of the single Co atoms contributing to the M(H) curve. Pairs of
Co-O-Co occurring with a probability of 18% are thus likely to fully compensate
their magnetic moments. Co triple conﬁgurations or higher order might contain
partly frustrated magnetic moments, leading to a small contribution for the total
magnetization. Diﬀerent scenarios of possible additional magnetic contributions are
discussed in [24], but result at maximum in a 8% fraction of the maximal Co induced
magnetization.
As shown before one can expect Co2+-ions on substitutional cation sites to be the
governing magnetic contribution in high quality 10% doped Co:ZnO. Consequently
magnetic resonance measurements could be expected to detect the well known spec-
tra of this paramagnetic center. Despite thorough and extensive examination hardly
any signals could be found in high quality samples of Co0.1Zn0.9O.
The reason for this are enhanced interactions between the ions which lead inevitably
to a perturbation of the electron states addressed by ESR . These are most likely to
be long range dipolar interactions.
The broadening of a paramagnetic signal with increasing concentration of the
dopant is shown exemplarily for Co:ZnO nanopowders in ﬁgure 5.5. The samples
were kindly provided by the group of Prof. Winterer 7. Although the ESR spectrum
of a powder diﬀers from the spectra of epitaxial ﬁlms (see section 1.3.2), the broad-
ening can be well observed. In ﬁgure 5.5 spectra for three diﬀerent concentrations
of Co are shown. The two lower concentrations were veriﬁed by atomic absorption
spectroscopy (AAS) whereas the third one was extrapolated.
Figure 5.5 a) shows the same data as in the lower plot b). In a) the spectra are
adjusted by the spectral feature of the cavity around 330 mT. In this plot the Co2+
signature of the powder with the highest concentration is hardly visible. In 5.5 b)
the respective spectra are scaled to the same height of the Co2+ signature. This
lower plot visualizes the line broadening. Note that already the powder with 2.8%
7University of Duisburg-Essen, Lotharstrasse 1, D-47057 Duisburg, Germany
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cavity signalT = 5 K
a)
Figure 5.5: Line broadening observed in Co:ZnO nanopowders. Both plots show the
same measurements. In a) the spectra are rescaled with respect to the cavity signal.
In b) the spectra are rescaled with respect to the Co2+ related resonance signal.
of Co shows an intense line broadening.
A thorough treatise of the change of linewidth with dopant concentration due to
exchange and dipolar interaction can be found in [69, 148]. Taking into account
these interactions of paramagnetic centers in a crystal it is shown that dipolar in-
teraction result in a line broadening by calculation of the second moment, <∆ν2>,
of the frequency. Exchange coupling in turn results in contributions to the fourth
moment, <∆ν4>, of the frequency which causes a pronounced peaking of the ab-
sorption curve, i.e. so-called exchange narrowing. A recent study on MBE grown
Co:ZnO suggest contribution from both, exchange and dipolar, eﬀects to the line
shape [111].
As introduced in section 2.2 the double integrated resonance signal is proportional
to the M ·V . Therefore it is intuitive that intense line broadening leads to a vanish-
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Figure 5.6: Color plot of angular dependent ESR signals in 5% Co doped ZnO. The
colors are assigned according to the ESR signal. The angle θ = 0◦ corresponds to
~B ‖ ~c. A uniaxial lineshift within the 270◦-scan is clearly visible. The inset shows
exemplarily the ESR resonance signals for 10◦,15◦, and 20◦. The black symbols are
measured resonance values of the Co2+ single ion spectrum.
ing signal. To clarify whether the RMS grown Co:ZnO samples contain a extremely
broadened Co2+-ion signal, a sample optimized for ESR measurements was grown.
The thickness of the ﬁlm was increased by the factor of ten (≈ 1 µm) and the
dopant concentration was reduced to 5%. The higher amount of material results in
an increased total signal size, whereas the lower dopant concentration reduces the
line broadening.
Figure 5.6 shows the result of ESR scans of an angular range from 0◦ to 270◦ at
5 K. The maximum value of the ESR signal corresponds to red color, minima are
visualized by blue regions. The color plot taken with a resolution of 5◦ reveals the
shift of a broad resonance of about 75 mT linewidth. In the inset the ESR signals
for three angles are exemplarily shown. The black squares represent the resonance
ﬁelds of the Co2+ spectrum in case of highly dilute isolated single ions as it is dis-
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Figure 5.7: Vanishing of the resonance line with increasing temperature in 5% doped
Co:ZnO. The black lines indicate roughly the line position. Within the small tem-
perature range no shifting can be observed. Note: A slight slope of the background
has not been corrected.
cussed in detail in chapter 3. Within the accuracy of the measurement the resonance
ﬁelds, and thus the g-values, of the observed broad line and the Co2+ single ion are
identical.
Even though the resonance line in this 5% doped sample shifts angular dependent
similar to the Co2+-ion the linewidth might also suggest a ferromagnetic origin. Be-
sides the purely paramagnetic behavior observed by SQUID for this sample (not
shown), a ferromagnetic origin it can be also shown by magnetic resonance that
a ferromagnetic origin is very unlikely. Figure 5.7 shows temperature dependent
measurements of the line. The amplitude of the ESR-signal vanishes rapidly with
temperature like 1/T. At 40 K a possible line is no longer distinguishable from the
background of the measurement. The resonance ﬁelds of ferromagnetic signals typi-
cally shift with temperature. The vertical dotted lines in the graph indicate no such
shift. Therefore also magnetic resonance corroborate a paramagnetic origin of the
signal.
Considering the ESR results of this 5% doped, 1 µm thick Co:ZnO sample, the
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diﬃculties of ﬁnding magnetic resonance signals in the 10% Co doped ZnO samples
discussed before become obvious: The layer thickness of the samples (100 nm) was
optimized for synchrotron measurements, to prevent selfabsorption eﬀects. With
regard to the relative small peak to peak amplitude of the ESR signal of the 5%
sample, a reduction of the absorbancy to one tenth results in very weak signals close
to the detection limit. Further, the larger concentration of 10% causes a pronounced
line broadening. The line broadening of the absorption curve itself is expected to
scale with the concentration p as
√
p [69]. However, a change of the FWHM Γ of
the absorption curve leads to a reduction of the peak to peak amplitude of the ﬁrst
derivative as 1/Γ2 [57].
In conclusion the absence of any detectable ESR signals related to Co in 10% doped
samples of high structural quality is attributed to line broadening eﬀects, as exper-
imentally observed in powders of Co:ZnO nanocrystals and a 5% doped Co:ZnO
RMS grown sample.
5.2.2 Co+-ion implantation in ZnO - low dopant concentra-
tion
In view of results and reports on highly dilute Gd:GaN ( 10−16 Gd/cm3 [125]) low
dopant concentrations were also realized in Co:ZnO by FIB implantation. Con-
centrations from 1·1018-1·1020 Co/cm3 were chosen. A typical implantation area
extends over 4×4 mm. Co+-ions were implanted with an energy of 100 keV. The
penetration proﬁle as calculated by SRIM [81] resulted in layer thicknesses of 100
nm.
The high structural quality as measured by XRD of the chemically grown ZnO sub-
strates was not aﬀected by the implantation - even for the highest implantation
doses.
Magnetic properties of all samples have been characterized by SQUID magneto-
metry. Analogous to high dopant concentrations a paramagnetic behavior could be
observed. Ferromagnetic-like signatures were absent or below the detection limit as
discussed in 2.3. Results are reported in [149].
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5.3 Co/CoO nanoparticles
The limit of phase segregation in Co:ZnO can be considered to be metallic Co or
partly oxidized Co nanoparticles, which are so densely packed in the material that
dipolar interaction of (residual) magnetic moments sets in. Even though investi-
gations on Co/CoO nanoparticles were not the primary goal of this work, results
presented in this section will be occasionally referred to in following sections. Fully
oxidized clusters of CoO are expected to show only a reduced magnetic signal, since
most magnetic moments are compensated by the antiferromagnetic coupling. The
cobalt particles investigated in this section were exposed to ambient conditions,
therefore oxidation processes are very likely. Resulting core-shell structures of oxide
and metal are reported for various compounds in literature [150].
Results of a Co nanoparticle population with a mean diameter of 13.75 nm (stan-






















 FC in 40 kOe (100 Oe)
 ZFC in 0 Oe (100 Oe)
Figure 5.8: Magnetic characterization of Co nanoparticles with a mean diameter of
14 nm by SQUID. The shifted hysteresis at low temperatures represents an exchange
bias eﬀect due to the antiferromagnetic CoO outer shell of the nanoparticles. The
step like behavior without coercivity at T = 300 K indicates superparamagnetic
particles. In the inset the FC/ZFC curves are shown. Blocking temperatures around
260 K can be estimated.
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dard deviation 2.85 nm (± 20%) 8) are exemplarily shown in ﬁgure 5.8. The particles
were spin coated on a sapphire substrate and afterwards subject to magnetization
measurements. The hysteresis curve at T = 5 K reveals a large coercivity and a
clear shift on the ﬁeld-axis. This exchange bias eﬀect is well known and was ﬁrst
reported in 1956 for Co/CoO [151]. In turn, the occurrence of a ﬁeld shifted hys-
teresis indicates the partly oxidation of the particles. Note that an exchange bias
eﬀect crucially depends on the cooling conditions. If the particle is cooled through
the Neel temperature of the antiferromagnetic CoO (293 K) with an applied ﬁeld
a preferential pinning of the magnetic moments of the ferromagnet in the ﬁeld di-
rection will occur, resulting in an exchange bias. In case of zero ﬁeld cooling no
exchange bias is expected.
The hysteresis taken a 300 K consistently shows no such shift. The curve exhibits
an S-shape like magnetization behavior of the particles without any coercivity. This
is expected for superparamagnetic particles above their blocking temperature.
The inset of ﬁgure 5.8 shows the FC/ZFC of the particles. Consistently the two
curves merge around 260 K indicating a blocking temperature of the particles around
this value. Due to the relatively broad size distribution of the particle population
(standard deviation = 2.85 nm (± 20%)) individual blocking temperatures will also
spread over a range of temperatures.
In the upper part of ﬁgure 5.9 a) the magnetic resonance spectrum taken at T = 5 K
and θ = 15◦ is shown. The central feature around 330 mT consists of the cavity and
cryostat signal and the superimposed paramagnetic resonance of Mo3+ embedded in
the sapphire substrate matrix (see section 3.3). The broad feature around 150 mT
is also known from pure sapphire.
The lower part of ﬁgure a) presents a color code plot of angular scans taken with 10
degree steps. The assignment of the resonance signals to the colors can be found in
the upper part of the ﬁgure on the right side. Most features in the color code plot
are straight vertical lines proving no angular dependence. The only clearly shifting
feature is the narrow line of the Mo3+ impurity in the substrate.
The lack of a resonance signal of the Co/CoO nanoparticles can be understood
if one assumes blocked particles, with arbitrary ﬁxed magnetizations due to their
individual anisotropy. Figure 5.9 b) shows a similar plot at an elevated temperature
of T = 260 K. In the single spectrum in the upper part of the plot a broad, nei-
8statistical figures are derived from 579 analyzed particles







































































Figure 5.9: Magnetic resonance signals of Co/CoO nanoparticles and their angular
dependence at temperatures of 5 K, 260 K, and 300 K. In the color plots the am-
plitude of the ESR signal is assigned to a respective color. In a) the only angular
dependent signal originates from an impurity in the sapphire substrate (Mo3+). b)
Fractions of unblocked particles are likely to cause the onset of angular dependency.






































T  = 80 K
Figure 5.10: Temperature dependence of magnetic resonance spectra of Co nanopar-
ticles. For better visibility data points of paramagnetic centers of the sapphire sub-
strate have been removed. The inset shows exemplarily the complete 80 K spectrum.
All spectra were taken in out-of-plane geometry (θ = 0◦). Only the 300 K data show
a clear angular dependence as shown in ﬁgure 5.9 c). The central feature at T =
5 K is due to the cryostat.
ther Gaussian nor Lorentzian shaped, feature is visible at about 310 mT (roughly
g = 2.16, Co bulk [150]). Such signatures are often reported in literature for super-
paramagnetic ensembles of nanoparticles [152]. Note that the superimposed narrow
paramagnetic resonance spectrum originates not from Mo3+ but from Cr3+-ions, also
present in the sapphire substrate (see section 3.3). In the lower part of ﬁgure 5.9 b),
the color code plot, slight angular dependent deviations of the central feature are
apparent. This may originate from a small fraction of interacting particles, which
is consistent with the blocking temperature range found by SQUID.
Finally ﬁgure 5.9 c) shows the magnetic resonance signal of the ensemble of nanopar-
ticles at T = 300 K, above the Néel temperature of CoO (TN = 293 K). Already in
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the upper spectrum for θ = 15◦ an increased intensity of the broad central feature
is obvious. This indicates an enhanced amount of nanoparticles contributing to the
signal. The color code plot unambiguously shows the uniaxial angular dependency
of the resonance signal. The lower resonance ﬁeld may be attributed to an easy axis
in the plane and vice versa the high resonance ﬁeld to an out-of-plane hard axis. A
similar behavior is found for diﬀerent ensembles of magnetic nanoparticles and has
been reported in literature [152].
Figure 5.10 shows the temperature dependent development of the magnetic reso-
nance signals of the Co/CoO nanoparticles. From roughly 80 K on a broad feature
starts to appear around 310 mT in the spectra indicating unblocked, superparam-
agnetic particles. The onset of unblocking of the supermoments at 80 K does not
agree with the blocking behavior found by SQUID. Aging eﬀects are most likely
to cause this discrepancy: SQUID measurements were performed about one month
before ESR measurements. During that time the particles were exposed to ambient
condition probably causing further oxidation of the particles.
Note that the central broad feature present at T = 5 K is due to the cryostat and
Mo3+. Its intensity weakens with increasing temperature and hardly perturbs the
signal of the nanoparticles at elevated temperatures.
5.4 Clustering in Co:ZnO
The theoretical claim of ferromagnetic Co:ZnO was based on the premise of a ho-
mogeneous doped material of perfect structural quality. Experimentally in the case
of the DMS Co:ZnO “several pitfalls” [153] have to be avoided, since ferromagnetic
signatures might be easily of extrinsic origin. The problem of contamination and the
limitations of SQUID measurements has been discussed in section 2.3. This section
will address the problem of phase separation and clustering. Besides precipitates of
ferromagnetic cobalt also ZnCo [143] alloys and all kinds of uncompensated mag-
netic moments of CoO nanoclusters have to be taken into account.
5.4.1 Clustering in Co:ZnO grown under oxygen deficiency
Some reports on ferromagnetic Co:ZnO claim oxygen vacancies to be crucial for the
development of a long range magnetic order [154, 155]. The following mainly refers
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Figure 5.11: XRD-spectra of 10% doped Co:ZnO ﬁlm grown by RMS under oxygen
deﬁciency compared with best quality PLD growth. Reduced structural quality is
visible.
to a series of samples grown by RMS under reduced oxygen partial pressure. The
ratio of the sputter gas Ar to the reactant O2 was changed from 10:1 to 10:0.4.
Figure 5.11 shows XRD 2θ-scans of the ZnO(002) reﬂection of highest structural
quality and reduced structural quality due to oxygen deﬁcient growth. All samples
show a clear peak close to the position of bulk ZnO of 34.4◦. The FWHM of 0.15
of the PLD grown sample (SC042807B) is plotted as reference for the best quality.
The sputtered samples grown at a reduced oxygen partial pressure of 40% (50%)
- with respect to the optimized oxygen content - reveal a FWHM of 0.41◦ (0.36◦)
which indicates an increasing amount of structural imperfections. The peak inten-
sities cannot be directly compared, since sample areas and thicknesses are diﬀerent.
Note that XRD yields no indications for secondary phases. However, recently faint
traces of clustering were found by XRD in ﬁlms grown under comparable reduced
oxygen pressure conditions and/or elevated temperatures [156].
Figure 5.12 compiles the transition from paramagnetic to superparamagnetic be-
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Figure 5.12: Development of magnetic properties with reduction of O2 partial pres-
sure while RMS growth as measured by SQUID . The left column shows the increase
of the splitting of the FC/ZFC curves. For reduced O2 a maximum in the ZFC
measurement can be observed, which is indicative for clustering. The right column
presents hysteresis curves which show increasing coercivity with reduced O2 content.
In the inset of n) even a small exchange bias eﬀect is visible.
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havior due to reduced oxygen partial pressure. The left column shows the FC/ZFC
curves, which are all measured with an applied ﬁeld of 10 mT, whereas in the right
column M(H) plots are shown. The magnetization curves are plotted for tempera-
tures of 5 K and 300 K, respectively. In the insets a close-up of the low ﬁeld range
of the hysteresis is shown.
The Ar:O2 ratio which is known to yield the best structural properties at a prepa-
ration temperature of 350 ◦C is 10:1. In a) no FC/ZFC splitting is visible. The
1/T-like increase towards low temperatures is consistent with pure paramagnetic
behavior in agreement with the s-shaped low temperature M(H) curve shown in b).
A small FC/ZFC splitting and an opening of the hysteresis are shown in plots c) –
f). In g) the ZFC curve starts to show a maximum at low temperatures. This tem-
perature dependence is very characteristic for unblocking of supermoments, which
subsequently start to behave superparamagnetic. The respective hysteresis at low
temperature becomes more squarish and the M(H) curve at 300 K clearly deviates
from zero and reaches saturation values at 3 T.
For even further reduced O2 partial pressure this behavior is enhanced, which results
in increased coercivity and remanence. The peak in the ZFC curve shifts to higher
temperatures which indicate a higher blocking temperature of the respective cluster
ensemble and indicates an increased cluster size.
The SQUID measurements of a sample grown with just 40% of the optimal O2-
pressure, are shown in ﬁgure 5.12 k) and l). Coercivity and remanence at low
temperatures are indicative for a ferromagnetic-like behavior. The FC/ZFC exhibit
a splitting up to approximately 70 K. The maximum in the ZFC curve reveals fer-
romagnetic clusters as possible origin. The shape of the hysteresis at T = 300 K is
consistent with a superparamagnetic behavior as it is also observed by ESR mea-
surements (ﬁgure 5.13) and will be discussed later on.
Note that in case of the last plots m) and n) the O2 content was 10:0.5 and the
growth temperature was increased to 450 ◦C. The maximum of the ZFC curve is
broadened and the separation to the FC curve persists up to 250 K. This indicates
a diﬀerent cluster population with a wider distribution of blocking temperatures
which are on average much enhanced compared to i). In n) the room temperature
hysteresis shows a saturatation at the lowest ﬁelds ( < 1 T) compared to all the
other samples, revealing larger supermoments. From the coercive ﬁelds of the in-
set of n) even a faint exchange bias eﬀect can be seen. This points towards small
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T = 300 K
c)
Figure 5.13: Magnetic resonance signal of the sample grown under lowest oxygen
pressure. a) Angular dependence of the resonance ﬁeld depicted in a color code
plot. The color black corresponds roughly to the center of the line. b) A broad
magnetic resonance observable at room temperature exemplarily shown for θ = 40◦.
The small bar to the right shows the color code used for the color plot. c) Angular
dependence of the line shape. Interacting superparamagnetic clusters are likely to
cause the signal. The narrow resonances visible in a) and b) are due to paramagnetic
impurities of the sapphire substrate.
fractions of CoO as additional phase in the sample, since this phenomena is known
from Co/CoO nanoparticles (see section 5.3).
In summary, ﬁgure 5.13 shows the transition of from a purely paramagnetic be-
havior of Co:ZnO to a ferromagnetic-like/superparamagnetic one by reduction of
the oxygen partial pressure during growth. Low oxygen pressure and high growth
temperatures presumably favor the growth of metallic Co cluster, thus resulting in
larger supermoments and higher blocking temperatures.
Figure 5.13 a) - c) shows the magnetic resonance signals observed at room temper-
ature and X-band frequency of the sample grown under the lowest oxygen partial
pressure (plot k) and l) of ﬁgure 5.12). In b) a broad resonance with a peak to peak
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width of approximately 50 mT is visible. Figure 5.13 a) shows the angular depen-
dence using a color code related to the amplitude of resonance curve, exemplarily
shown on the right side in b). The color plot reveals a uniaxial behavior of the
resonance ﬁeld. The resonance ﬁeld shifts from 340 mT to 300 mT which is visible
in both ﬁgures 5.13 a) and c). This anisotropy is likely to originate from dipolar
interactions of the unblocked supermoments of the clusters. The line shape cannot
be well ﬁtted neither by Lorentzian nor Gaussian, especially at angles diﬀerent from
θ = 40◦. The change of the line shape is shown exemplarily for four angles in c).
All spectra in c) have been smoothed to remove the narrow paramagnetic impurity
signals. The line shape changes from triangular-like (30◦) to more rounded in the
in-plane case. While the 30◦ spectrum appears symmetric to the resonance ﬁeld, the
90◦ scan is asymmetric. This behavior is indicative of an inhomogeneously broad-
ened line, consisting of several contributions of an ensemble of superparamagnetic
clusters.
In ﬁgure 5.14 the appearance of the cluster related central resonance signal of a
10% Co doped ZnO ﬁlm (080917) with increasing temperature is shown. The onset
of the signal becomes visible after subtraction of a background signal. The spectrum
taken at T = 60 K was used for this purpose. Similar to Co/CoO nanoparticles (ﬁg-
ure 5.10) no angular dependent resonance signal stemming from the Co:ZnO ﬁlm
was found at low temperatures. Note that in ESR measurements higher blocking
temperatures of nanoparticles compared to SQUID measurements are expected due
to the Arrhenius law (see e.g. [157]).
Figure 5.15 models the superposition of several Gaussian resonance signals to get
a qualitative understanding of the observed line shapes. A normalized Gaussian
absorption curve is described by:
y = ymax exp








. The ﬁrst derivative with respect to
the ﬁeld is then:
dy
dB
= −ymax 8 ln(2)(B − Bres)Γ2 exp




The resonance ﬁelds in ﬁgure 5.15 are symmetrically distributed around a central
value (g = 2 (“ω
γ
”)). The weighting of the individual signals is chosen to follow
roughly a Gaussian (black symbols). This implies smaller anisotropies to be more
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Figure 5.14: Temperature dependent appearance of cluster related resonance signal
in 10% Co doped ZnO sample grown at reduced O2 partial pressure (Ar:O2 10:0.5).
The development of the typical broad resonance around g = 2 (“ω
γ
”) becomes clearly
visible after subtraction of the T = 60 ◦C spectrum and removal of paramagnetic
impurity signals.
likely than larger ones. The resulting sum (bold red line) is lower in peak to peak in-
tensity than the central individual signal components. The latter reﬂects the partly
destructive superposition of the signals.















−ymax(Bres)8 ln(2)(B − Bres)Γ2 exp





Equation 5.5 represents the convolution of the ﬁrst derivative of a Gaussian with
the function describing the weight of the resonance components (ymax(Bres)). The
peak to peak amplitude of dI(B)
dB








This means that the detectability of a signal is correlated to the anisotropy distri-
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Figure 5.15: a) Superposition of eleven 1st derivatives Gaussian lines. The red bold
line is the sum of the curves. The black symbols show the chosen weight distribution
following roughly a Gaussian function. The two insets are measured signals of b)
Co:ZnO sample grown under O2 deﬁciency and c) Co nanoparticles.
bution of clusters. A similar amount of clustered material may be visible in ESR
measurements in case of |dymax(Bres)
dBres
| » 0, whereas the signal might vanish for a broad
distribution of resonance ﬁelds, i.e. |dymax(Bres)
dBres
| → 0.
However, the assumption of crystalline anisotropies of the individual cluster of nan-
oclusters is in contrast to the high temperatures where the uniaxial angular behavior
is observed experimentally (see ﬁgure 5.15 b) and c)). As shown in ﬁgure 5.12 typ-
ical blocking temperatures are far below room temperature. Therefore, the angular
dependence of shape and resonance ﬁeld of the broad resonance signals is more likely
to originate from dipolar interactions of the individual particles. These dipolar in-
teractions result in an additional anisotropy - a shape anisotropy of the particle
ensemble. Each particle can have a diﬀerent angular dependence, since the internal
ﬁelds are likely to be inhomogeneous. This in turn can lead to angular dependent
changes of the superposition, as observed experimentally. The two insets of plot
5.15 present measured data at T = 300 K on b) a Co:ZnO sample grown under O2
deﬁciency and c) Co/CoO nanoparticles which were deposited on sapphire.
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Figure 5.16: Angular shift of ferromagnetic-like feature in ZOC5164. The inset
shows exemplarily the change of the very distorted signals at angles up to 20◦.
These considerations have to remain phenomenological, since a modeling of ex-
perimental data would require detailed knowledge about cluster size distribution,
individual anisotropies, size of magnetic moments and spatial distribution of the
supermoments. However, a qualitative understanding of the origin of the observed
line shapes can be obtained. The presented results and the interpretation as super-
paramagnetic ensemble are in agreement with recent results of other groups [158].
5.4.2 Metallic precipitations in Co:ZnO
Bulk cobalt is known to exhibit a large magnetic anisotropy. Magnetic resonance
spectra presented so far have only shown shifts of the resonance ﬁeld of about 200
mT. These spectra are likely to originate from metallic clusters in a superparamag-
netic state, i.e. T > TB, as mentioned before.
Figure 5.16 shows the magnetic resonance ﬁelds measured on a 5% Co doped sample
grown on r-plane sapphire by PLD (ZOC5164). The inset of ﬁgure 5.16 exemplarily
plots the resonance curves at T = 300 K for angles form 0◦ to 20◦. The signal
strongly changes its shape with angle which signiﬁcantly complicates the analysis
of the data. As a consequence the given values of the resonance ﬁeld have large
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Figure 5.17: Temperature dependent shift of ferromagnetic-like resonance. The
decrease of the anisotropy is typical for a ferromagnetic signal.
uncertainties. A kink in the angular dependence of the resonance ﬁeld around 400
mT is visible and might stem from an additional signal. At lower ﬁelds the gray
dotted lines are guide to the eye for what could be expected from a resonance of a
homogeneous system. As discussed in the previous sections the line shape is indica-
tive of a superposition of several components.
Figure 5.16 reveals some remarkable features: i) Resonance ﬁelds of up to 1 T in
out-of-plane geometry at room temperature with a shift below 0.1 T for in-plane
geometry proving a very large anisotropy. ii) In contrast to previously discussed sam-
ples, magnetic resonance signals are also present at very low temperatures. At T =
5 K resonance ﬁelds are shifted to higher values, revealing an increased anisotropy
(blue arrows). This behavior is shown in more detail in ﬁgure 5.17. In the out-of-
plane position, measured from 40 K to 300 K, the resonance ﬁeld changes about
200 mT towards the isotropic g-value (“ω
γ
”). Such a shift is very typical for fer-
romagnetic resonance. It reﬂects the competition between anisotropy and thermal
energy.
The ferromagnetic response up to room temperature of this sample (ZOC5164) as
it is found by magnetic resonance measurements is also corroborated by SQUID
measurements which are shown in ﬁgure 5.18. Coercivity and remanence at low
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ﬁelds indicate a ferromagnetic Co fraction. The curvature of the low temperature
hysteresis at high ﬁelds suggests additional paramagnetic contributions, possibly by
properly incorporated Co2+-ions on Zn2+ sites. At high temperatures the paramag-
netism is expected to be negligible. Conclusively the high temperature M(H) curve
shows a steplike behavior with clear remanence and coercivity (upper inset) typical
of a ferromagnet. The latter is also corroborated by the FC/ZFC measurements,
shown in the lower inset of ﬁgure 5.18. The separation of the two curves at T =
300 K is only reduced to 85% of the T = 5 K value, thus suggesting a high TC .
The absence of a maximum in the ZFC curve is consistent with a low temperature
magnetic resonance signal, thus corroborating no blocking behavior.
Further clariﬁcation of the properties of the sample could be achieved by synchrotron
measurements. Figure 5.19 presents XANES and XLD spectra of the K-edge of Zn
and Co, respectively. The measurements were performed in grazing incidence geom-
etry in ﬂuorescence yield as described in section 2.4.
In Figure 5.19 a) the XANES at the Zn K-edge are shown. For comparison
the respective spectrum of a Co:ZnO sample (080428) grown by RMS under opti-
mized conditions is plotted additionally (dotted lines). All spectral features of this
spectrum can be found in the XANES of sample ZOC5164, indicative of well in-
corporated, tetrahedrally coordinated Zn2+. The XLD shows the typical wurtzite
signature. However, the amplitude of the XLD signature of sample ZOC5164 at the
Zn K-edge is reduced to 84% of the referece sample 080428, revealing less structural
quality.
Figure 5.19 b) presents the respective plots for the Co K-edge. The absorption
spectra diﬀer signiﬁcantly with respect to the spectrum of the sample 080428. The
ﬁne structure is much less pronounced and individual peaks are less distinct. The
minimum between the preedge feature and the main peak, visible in the spectrum
of the best quality sample (080428), is ﬁlled. The latter is considered as strong
indication for metallic cobalt. The XLD signal is much more reduced compared to
the Zn K-edge. A wurtzite pattern is still present but in this case the amplitude is
reduced to 51% of the XLD amplitude of the sample grown under optimized condi-
tion. Therefore the structural analysis by XLD indicates that only half of the Co
atoms in this sample are on Zn substitutional sites in proper wurtzite environment.
Figure 5.20 shows the generation of a XANES spectrum by a weighted superposition
(red) of two XANES spectra. The spectrum of sample 080428 (black), which is one
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Figure 5.18: SQUID measurements on sample ZOC5164. The steplike behavior,
remanence and coercivity at T = 300 K corroborates ferromagnetic-like behavior.
The s-shape low temperature hysteresis indicates additional paramagnetic contri-
butions. The FC/ZFC measurements as shown in the lower inset suggest a TC far
above room temperature.
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Figure 5.19: XLD analysis of sample ZOC5164. a) The absorption edge and the XLD
of Zn indicate reduced structural quality but reveal still clear wurtzite structure. b)
At the Co K-edge strong deviations from best quality samples are visible. The XLD
indicates that less than 51% of Co atoms are in proper wurtzite environment. The
“ﬁlled preedge” feature is typical for metallic cobalt.
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Figure 5.20: Generation of XANES spectrum of ZOC5164 by weighted superposi-
tion of a Co metal spectrum and a spectrum of a sample which was grown under
optimized conditions. The weight of each spectrum is determined by the XLD am-
plitude.
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of the structural best samples as measured consistently by XRD and XLD, is used
as a reference spectrum for substitutional incorporated Co2+. Its weight for the su-
perposition is given by the XLD amplitude of sample ZOC5164 relative to the XLD
amplitude of sample 080428. For the remaining fraction (49%) of the superposition
the XANES spectrum of hcp Co metal (purple) is chosen.
The experimental XANES of sample ZOC5164 (green) in ﬁgure 5.20 agrees remark-
ably well with the weighted superposition. In particular the ﬁlling of preedge feature,
which is a measure for the metallicity of a sample, is reproduced well(inset).
Finally the element speciﬁc magnetic properties were investigated by XMCD as
shown in ﬁgure 5.21. The inset shows the respective dichroism and the absorption
edge at T = 6.5 K. The dichroic signal is dominated by two triangular-like shapes,
below and above the zero line. Superimposed one can ﬁnd the dichroic peaks as
known from samples grown by RMS under optimized conditions and shown in ﬁgure
5.3. The triangular-like signature at 7718 eV (green arrow) is known to be indicative
for Co in its metallic state The main part of ﬁgure 5.21 presents M(H) curves that
were taken at two diﬀerent energy values. The green M(H) curve was taken at the
maximum of the spectral weight of the metallic Co XMCD (green arrow) whereas
the blue curve was taken at the the preedge feature (blue arrow). The M(H) curve
taken at an energy of 7718 eV shows a steplike switching of the magnetization close
to (not at) zero ﬁeld and is saturated at about 0.5 T. This is expected for cobalt in
the metallic state. Observing the magnetic behavior at the preedge at an energy of
7711 eV in contrast shows a s-like shape, as expected for paramagnetic Co2+. No
saturation is visible even at ﬁelds of 6 T. Nevertheless the steplike shape at low
ﬁelds is also present. This is due to the extent of the spectral weight of the metallic
cobalt phase which underlays the paramagnetic one.
[159].
Therefore consistently SQUID , ESR and XMCD show a metallic Co phase in this
sample up to room temperature. In contrast to probably clustered Co:ZnO samples
grown by RMS the metallic Co phase of sample ZOC5164 is likely to originate from
larger Co precipitates. Instead of a superparamagnetic behavior, SQUID hysteresis
and magnetic resonance signals are observed from T = 5 K up to room temperature.
The metallic Co phase is likely to originate from the diﬀerent growth conditions:













































 xmcd at  7711.35 eV 
 xmcd at  7718.26 eV
T = 6.5 K
Figure 5.21: XMCD analysis of ZOC5164. M(H) curves taken at two diﬀerent en-
ergies show diﬀerent weight of the para-/ferromagnetic contribution. Superimposed
on the known XMCD signal of Co2+ one can identify a triangular shape which is
typical for metallic Co (inset).
600 ◦C. The crystallographic orientation 9 of the sapphire substrate possibly favors
metallic precipitations in addition.
5.5 Annealing effects
Several annealing experiments have been conducted to examine possible eﬀects of
the structure, carrier- or defect concentration, on the magnetism of Co:ZnO. In
particular high vacuum (HV) annealing experiments and annealing under O2 atmo-
sphere will be treated in this section. HV-annealing has frequently been reported
to enhance the ferromagnetic-like behavior in Co:ZnO due to structural improve-
ment, but the problems of metallic cobalt precipitation has been reported already
in 2003 [160]. O2-annealing in turn has been reported to decrease the ferromagnetic
properties. This is in accordance with the model of magnetic polarons suggested for
DMS [161]. The respective coupling between the magnetized spheres is expected to
9all other Co:ZnO samples discussed in this work were grown on c-plane sapphire (0001)
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Figure 5.22: No annealing eﬀect concerning magnetization behavior in best grown
Co:ZnO (080428). The respective M(H) curves before and after the annealing proce-
dure are almost identical. The inset enlarges the low ﬁeld behavior of the respective
hysteresis curves. Residual remanence and coercivity are below the artifact level as
explained in section 2.3 and [87].
be enhanced by oxygen vacancies [154, 162].
5.5.1 High vacuum annealing of best quality samples
This ﬁrst part will deal with samples which are considered to be of high structural
quality, i.e. a high percentage of Co2+-ions substituting Zn2+, as described in sec-
tion 5.2. First, the magnetic properties after an annealing procedure under HV
conditions will be described which will be later compared with the local structural
properties as they were measured by XLD .
Figure 5.22 shows magnetization curves taken by a SQUID magnetometer for a
sample grown under optimized conditions resulting in high structural quality. This
sample (080428) was annealed for 30 minutes at 450 ◦C under high vacuum condi-
tions (p < 1·10−5 mbar). The hysteresis curves taken before and after the annealing
procedure are indistinguishable at T = 300 K and at T = 5 K. Also the close–up
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Figure 5.23: Single ion Co2+ ESR spectra observed after annealing. Note that the
respective scans were taken with diﬀerent spectrometer settings which cause for
example the smoothing of the sample holder measurement (see text). The inset
shows the shift of the small signal with sample angle. The Mo3+ spectrum has been
discussed in section 3
M(H) curve. The remaining residual splitting is below what is considered to be the
artifact level of SQUID measurements [87]. Therefore the paramagnetic behavior
of the sample has not changed due to the annealing procedure.
In ﬁgure 5.23 magnetic resonance spectra at T = 5 K of the as-grown sample (black
curve) and the annealed sample (red curve) are shown. In addition the signal of
the empty sample holder at this temperature is plotted (gray curve). In contrast
to the as-grown sample the spectrum of the HV annealed sample reveals a shallow
broad resonance around 300 mT. The peak to peak width is roughly about 20 mT.
The resonance ﬁeld is consistent with the expected value for Co2+-ions in wurtzite
ZnO in B ‖ c orientation. A yellow vertical line depicts the resonance ﬁeld of the
Co2+ single ion spectrum for out-of-plane geometry as discussed in section 3.2. In
the inset of ﬁgure 5.23 the angular dependent shift of the weak signal is shown.
The ESR scan of the empty sample holder was measured with diﬀerent spectrom-
eter settings (less point density and bigger modulation amplitude) which results in
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a slightly smoothed spectrum. A dip, which is mainly caused by the quartz tube
of the cryostat, is clearly visible. Even though this feature is in principle unwanted
one can beneﬁt from it as a reference concerning the signal sizes of the as-grown and
annealed sample. The absence of the very weak Co2+ signal of the annealed sample
in the as-grown sample becomes only credible by the comparison of the diﬀerent
spectra to the cavity signal.
The appearance of the Co2+ spectrum in the annealed sample is likely to result from
a better structural quality caused by the annealing process. This means that more
incorporated Co atoms are placed on substitutional sites, replacing Zinc and/or the
crystal environment of the respective atoms has become better deﬁned.
In summary of integral magnetic measurements, no changes of the magnetization
behavior as measured by SQUID have been found, whereas in the ESR spectra of
the annealed sample a weak magnetic resonance line of Co2+ becomes visible after
annealing. However, this is consistent with the SQUID results, since this resonance
signal is considered to reﬂect paramagnetism.
For further clariﬁcation the XLD signature was investigated. Figure 5.24 a) shows
the respective XANES and XLD at the Zn K-edge. Obviously the changes in the
absorption spectra are very faint. The resulting XLD shows a small improvement
of about 3%. Note that the absolute XLD amplitude at the Zn K-edge of this mag-
netron sputtered sample (1.10) is comparable with that of best PLD grown samples
(1.09, see ﬁgure 5.1). The annealing treatment obviously caused only a minor im-
provement of the local structure of the Zn cation environment.
At the Co K-edge - which is shown in ﬁgure 5.24 b) - the situation seems to be similar
if one considers the absorption spectra only. Before and after annealing hardly any
changes become visible. Especially the preedge feature remains unaﬀected. Slightly
bigger changes can be derived from the XLD. Even though the absolute increase of
the amplitude after annealing is only 0.04 the relative change is about more than
twice (7%) as high as at the Zn K-edge, since the maximum XLD amplitude of
the as-grown sample at the Co K-edge is 0.59 . Therefore the annealing procedure
enhances the relative amount of Co atoms in proper wurtzite environment. This
was already suggested by the ESR measurements. However, this structural im-
provement does not alter the integral magnetic properties as measured by SQUID
magnetometry.
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Figure 5.24: a) XANES and XLD at the Zn K-edge after HV-annealing of sample
080428. Hardly any changes are visible in the absorption spectra. The amplitude
of the XLD signature shows a small structural improvement. b) Improvement of
the XLD signal at the Co K-edge after HV-annealing. Even though the absorption
spectra seem almost identical small deviations result in a by 7% increased XLD
amplitude.
136 EXPERIMENTAL RESULTS FOR Co:ZnO
5.5.2 Annealing of samples with reduced oxygen content
In this section the annealing eﬀects on samples which are grown under oxygen deﬁ-
ciency as introduced in section 5.4 will be presented. Note that most of the samples
still have to be considered to be Co:ZnO of high structural quality considering XRD
results [156].
Two contrary eﬀects depending on whether the annealing procedure took place un-
der HV conditions or O2 ﬂow will be discussed by their magnetic signature (SQUID)
and correlations to the local crystallographic structure (XLD). At the end of this
section the ﬁndings will be used to understand the respective ESR spectra.
The 10% Co doped sample 080312 was grown with a Ar:O2 ratio of 10:0.5 and two
parts of this sample were subject to HV and O2-annealing procedures, respectively.
This section mainly focuses on this sample, since it was also subject to thorough
synchrotron measurements.
In Figure 5.25 SQUID measurements before and after HV-annealing of sample
080312 are compiled. In a) the respective hysteresis curves in the low ﬁeld range
are shown. After annealing coercivities and remanences are enhanced at both tem-
peratures T = 5 K and T = 300 K, respectively. The high ﬁeld range is shown in
b), revealing an increased saturation magnetization at T = 300 K.In contrast, the
T = 5 K data show a reduced magnetization of the annealed sample at a ﬁeld of
4 T. This is probably caused by a reduced amount of paramagnetic defects after
annealing. The respective FC/ZFC curves are shown in c). They are much more
separated and no merging of the curves can be observed in the temperature range
up to 300 K for the annealed sample. A maximum of the ZFC curve is not visible
any longer in this temperature range; probably it is shifted above T = 300 K. Note
that at temperatures below 10 K the increase of the magnetization of the annealed
sample due to paramagnetic contributions is reduced (see e.g. ﬁgure 3.1).
Assuming the ferromagnetic-like response of the sample 080312a(HV) originates
mainly from two contributions, a superparamagnetic and a paramagnetic one, the
respective atomic fractions can be estimated:
At 5 K and a ﬁeld of 4 T the magnetic moment is 5.92·10−8Am2, which is 3.4 times
the room temperature (300 K) value of 1.75·10−8Am2. Assuming a Brillouin like
behavior of the paramagnetic Co2+-ions more than 80% of the saturation magneti-
zation of the paramagnetic Co atoms should contribute at 5 K and 4 T. In contrast,
the contribution at 300 K and 4 T can be neglected compared to a saturated super-
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Figure 5.25: HV-annealing eﬀect on magnetic behavior of sample (080312): a) In-
creased hysteretic behavior, b) high ﬁeld data, c) FC/ZFC curves before annealing
show indication for clustering. The unblocking of supermoments probably causes the
maximum around 230 K. After annealing the separation of the two curves maintains
up to room temperature indicating a blocking above T = 300 K. FC/ZFC curves
were measured with an applied ﬁeld of 10 mT.
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≈ 34% metallic Co (5.6)
This calculation neglects the diﬀerent magnetic moments of paramagnetic Co2+-ions
of 4.1 µB and 1.7 µB for metallic Co [24, 143]. Therefore the magnetic moment of
paramagnetic Co has to be divided by 4.1 µB and the metallic one by 1.7 µB to
derive the atomic fractions. Taking this into account the calculation yields:
5.92Am2 − 1.75Am2
0.8
≈ 5.21Am2 → 1.75Am
2/1.7µB
5.21Am2/4.1µB
≈ 81% metallic Co (5.7)
This result is in stark contrast to fractions derived from a XANES analysis described
later on.
Figure 5.26 compiles the magnetization data before and after annealing under O2
ﬂow of sample 071115 10. This 10% Co doped sample was grown with a Ar:O2 ratio
of 10:0.6. In ﬁgure 5.26 the development of the sample’s magnetic behavior is obvi-
ously contrary to the case of HV-annealing. The FC/ZFC curves, which had been
separated up to 60 K in the as-grown sample overlap after the annealing procedure.
The collapse of the FC/ZFC separation is also corroborated by the hysteresis curves
which are plotted in the inset. A former big coercivity and remanence of 40 mT and
6·10−6 Am2, have vanished, respectively. After the oxygen exposition even the low
temperature hysteresis shows less magnetization than the high temperature hystere-
sis of the as-grown sample. Oxidation eﬀects on clusters as discussed in section 5.4
are very likely to cause the break down of ferromagnetic features of the samples.
Element speciﬁc insight into the eﬀects of the annealing processes was yielded by
XLD measurements at the K-edges of host cation and dopant: The linear dichroism
taken at the Zn K-edge of sample 080312 is shown in ﬁgure 5.27 a). The respec-
tive XANES reveals hardly any diﬀerences. The XLD in turn exhibits changes of
the local host cation environment depending on the annealing procedure. The HV-
annealing results in a small reduction of the amplitude whereas the O2-annealing
clearly improves the structural quality. The latter is plausible, since the sample
was grown under O2 deﬁcient condition. Note that even after the O2-annealing
10O2 annealing effects, as observed by SQUID of sample 071115 are more pronounced compared
to sample 080312a(O2) and therefore shown for clarity.
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Figure 5.26: Eﬀect on magnetic behavior of O2-annealing on sample (071115). For-
mer separated FC/ZFC curves match after annealing. The hysteresis curves (inset)
corroborate the breakdown of any ferromagnetic like signature.
procedure the amplitude of the XLD is only 60% of the maximum XLD amplitude
measured for samples of best structural quality (080428).
Figure 5.27 b) presents the XLD measurements on sample 080312 and its annealed
versions at the Co K-edge. In view of the SQUID results the preedge feature is of
special interest, since it indicates diﬀerent degrees of hybridization between the 3d
and 4p electron states. Note that in metallic cobalt no preedge feature is visible
at all (see e.g. XANES spectra in ﬁgure 5.20). Considering the previous results
on the Zn K-edge, ﬁgure 5.27 b) shows some remarkable results. The XANES for
the as-grown and HV-annealed sample resemble very much - including the preedge
feature, similar to what was already observed at the Zn K-edge. Contrary to this,
in case of O2-annealing a prominent second peak has evolved leading to a double
peak structure very diﬀerent from the other absorption spectra.
Clearly the most astonishing feature seen in ﬁgure 5.27 b) is the almost unchanged
XLD signature - no matter which treatment the sample has experienced.
Obviously the structural changes of cation and dopant due to the annealing proce-
dure do not aﬀect the XLD signal of the Co. To understand this one has to recall
what is visible by XLD and what is not. Well incorporated Co2+ on Zn lattice sites
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Figure 5.27: Annealing eﬀects observed at the Zn and Co K-edge by XLD of sample
080312. a) A strong structural improvement due to O2-annealing indicated by an
increased signal amplitude of the XLD is visible. The reduction of this amplitude
due to HV-annealing is much less pronounced. b) Even though the XANES clearly
changes in case of O2-annealing, the XLD remains almost unchanged. HV-annealing
hardly shows any eﬀect for Co in this sample. Note the small absolute value of the
XLD. For comparison the data of a sample (080428) of highest structural quality is
plotted in addition.
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will show the anisotropy of empty electron states characteristic for the ZnO wurtzite
lattice. Randomly distributed Co atoms or randomly oriented Co cluster will not
cause any signal, since individual anisotropies of electron states will average out and
lead to no XLD signature.
Besides random interstitials possible secondary phases have to be considered. If
these phases have cubic symmetry, also no XLD signature will be observable. In
case of Co mainly three possible combinations should be taken into account: CoO,
ZnCo2O4 and Co3O4. The ﬁrst one crystallizes in cubic structure and was reported
to be ferromagnetic in the twenties of the last century [163] but nowadays it is
proven to be antiferromagnetic [164]. The second builds a spinel structure including
Zn [165]. For this compound distinct magnetization behaviors of bulk and nanopar-
ticles have been recently reported [166]. Similar to CoO the ZnCo2O4 spinel is also
reported to be antiferromagnetic under most conditions [165, 167, 168]. Finally,
spinel structured Co3O4 is known to form from CoO under elevated temperatures
[169]. It is also antiferromagnetic with TN = 40 K [169].
Figure 5.28 compiles XANES spectra of a sample (080428) of best structural
quality and of a sample 080312a(O2) grown under O2-deﬁciency as well as spectra
of diﬀerent compounds, namely CoO and Co3O4. The absorption spectra of these
phases were kindly provided by the group of Prof. Winterer 11 and measured in Ar-
gonne Nation laboratory on beamline 12.BM.B. A XANES spectrum of the ZnCo2O4
compound was not available. However, the formation of the ZnCo2O4 spinel after
O2-annealing is rather unlikely, since the XLD at the Zn K-edge in ﬁgure 5.27 a) is
clearly increased, proving more Zn atoms placed on the cation site in proper ZnO
wurtzite structure.
From the absorption spectrum it can be concluded that the O2-annealed sample
contains a fraction of Co atoms in an altered phase than before the annealing treat-
ment. The absorption maximum is shifted about 3 eV to a higher energy value. This
is known from valence changes of Co and is reported for example in [170]. Obviously
the second, annealing related, peak position agrees well with the maximum of the
absorption spectrum of Co3O4. Co3O4 nanoparticles are known to form from CoO
already at temperatures of about 300 K [171, 172]. To visualize the contributions
of both phases a weighted superposition of the Co3O4 spectrum and the spectrum
11Markus Winterer, Nanoparticle Process Technology, Institute for Combustion and Gas Dy-
namics, University of Duisburg-Essen, Lotharstrasse 1, D-47057 Duisburg, Germany
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Figure 5.28: Indication for Co3O4 spinel by XANES. The red curve is a superposition
of the spectrum of sample 080428 and the Co3O4 spectrum weighted by the XLD
amplitudes. The inset shows a superposition with an optimized weight of the Co3O4
spectrum.
of Co:ZnO (080428) of best structural quality is plotted in addition (red curve).
The weight of the spectrum of sample 080428 is derived from the ratio of the XLD
amplitudes (0.44), assuming the cubic spinel phase of Co3O4 does not cause any
additional XLD. Even though the height of the two maxima visible in the annealed
sample is not exactly matched by the superposition the overall XANES spectrum
is reproduced well. Considering the residual deviations an increase of the weight
of the spectrum of sample 080428 is tempting to obtain a better ﬁt. The inset of
ﬁgure 5.28 shows a superposition with a Co3O4 spectrum contribution reduced from
56% to 35% yielding an almost perfect ﬁt of the experimental spectrum of the O2-
annealed sample 080312. Note that signiﬁcant fractions of CoO or Co metal can be
excluded, since they inevitably would cause deviations at either the preedge feature
or around 7.74 keV, respectively.
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With regard to an optimized weight of 65% of the spectrum of the sample 080428,
the reduction of the XLD amplitude of sample 080312a(O2) at the Co K-edge to
44% of the maximum value for high structural quality has to be scrutinized. Apart
from Co atoms bound in secondary phases with no XLD signal, rotated grains can
reduce the XLD, as well. Two by 90◦ 12 rotated crystal grains with similar substitu-
tional Co content will show no XLD, since the XLD of well incorporated Co2+ions
will average out.
Even though the samples under investigation are grown epitaxially, oxygen deﬁcient
growth reduces the structural quality (ﬁgure 5.11). Therefore, a reduction of the
XLD due to tilted grains will be present. This means that the XLD amplitude just
gives a lower limit of the fraction of the respective phase.
This becomes clearer in the case of the HV-annealed sample (080312a(HV)), which
is shown in ﬁgure 5.29. If the ferromagnetic-like response known from SQUID mea-
surements (ﬁgure 5.25) is attributed to metallic Co cluster, the fraction of Co in this
phase can be tentatively weighted by the missing Co K-edge XLD amplitude. Ran-
domly oriented Co metal cluster are not expected to yield any XLD but to aﬀect the
XANES – in particular the shape of the preedge feature. From the ratio of the XLD
at the Co K-edge of the HV-annealed sample (080312a(HV)) to the ideal XLD one
derives 43% of perfect incorporated Co2+. This in turn would mean 57% of metallic
cobalt. The resulting XANES spectrum of the superposition of the two phases is
plotted in ﬁgure 5.29 (green curve). The measured spectrum is hardly matched by
the weighted superposition.
Additionally in ﬁgure 5.29 superpositions of XANES spectra with arbitrary weighted
Co metal content are potted. The experimental XANES of sample 080312a(HV) is
well reproduced for a Co content in the range of 5% to 7.5%. Adding additional
contributions from CoO or Co3O4 yields no signiﬁcant improvement.
This result is an order of magnitude lower than the fraction derived from the SQUID
analysis (see equation 5.7).
The calculation of the magnetization based on XANES results can be preformed
the other way round: If the sample only contains 7% of metallic Co, as indicated
by XANES, up to 93% of the Co can be paramagnetic Co2+. Thus the magnetic
moment measured by SQUID at T = 300 K and an external magnetic ﬁeld of 4 T
would originate from only 7% of the Co atoms with an atomic magnetic moment of
12c-axis with respect to the E-vector of the incident synchrotron light
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Figure 5.29: XANES analysis of HV-annealed Co:ZnO. A superposition based on
the XLD amplitude (green curve) fails to describe the experimental spectrum (bold
black). The metallic fraction can be estimated best at the preedge feature (inset).
1.7 µB. At T = 5 K and 4 T the paramagnetic Co2+-ions should contribute 80% of
their saturation magnetization. In total a magnetic moment of almost 5·10−7Am2
instead of 5.92·10−8Am2 should be measured by the SQUID.
In the following the seemingly contradicting results of XLD, XANES, and SQUID-
will be discussed:
First, the reduced XLD is likely to be mainly caused by rotated grains, since also the
Zn K-edge XLD is strongly reduced to below 41% (ﬁgure 5.27). In other words: The
formation of wurtzite ZnO requires a higher percentage of properly incorporated Zn
atoms. Consistently the XANES spectrum of the sample 080312a(HV) hardly diﬀers
from samples grown under optimized conditions.
Second, the discrepancy between the percentage of metallic cobalt in this sample
derived by XANES and SQUID analysis has to be explained. The structural in-
vestigation method, XANES, is sensitive to all Co atoms, whereas the magnetic
method, SQUID, is only sensitive to magnetically active Co atoms. Compensated
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spins of antiferromagnetically coupled Co2+-ions will not contribute to the SQUID
signal. Thus the large diﬀerence of the fraction of metallic Co, when calculated from
SQUID and XANES proves a high amount of compensated magnetic moments.
This is consistent with results for samples of high structural perfection discussed
in section 5.2. There the magnetic moment of a sample containing at least 95% of
substitutional Co2+ is shown to be reduced to ≈ 1/3 [24]. For the calculation in
section 5.2 the absolute amount of Co atoms is used.
In case of sample 080312a(HV) the superparamagnetic fraction of Co atoms, which
show a metallic XANES serve as reference for the estimation of the paramagnetic
fraction. Thus the result of section 5.2 can be qualitatively conﬁrmed.
Assuming two next cation neighbor Co2+-ions to compensate their moments, i.e. to
couple antiferromagnetic via superexchange, none or much reduced/frustrated mo-
ments can also be expected for triple and higher order conﬁgurations. Taking into
account the statistical probability in a 10% Co doped sample (see section 5.2) to
ﬁnd substitutional Co atoms without next Co cation neighbor of 28%, the metallic
Co fraction reduces to:
5.21Am2
0.8 · 0.28 ≈ 23.3→
1.75Am2/1.7
23.3Am2/4.1
≈ 18% metallic Co (5.8)
This result is still more than two times than what is expected from the XANES
analysis.
However, some imponderabilities of the SQUID and XANES analysis have to be
discussed: First of all the rigid numbers of the atomic moment per Co atom for
the paramagnetic ion and the metal have to be questioned. Thinking of small clus-
ters of metallic Co, there will be a large number of interface atoms with reduced
quenching of the orbital moment [173]. A second point to mention is the dopant
concentration; According to Behringer’s calculation (see ﬁgure 1.5) the probability
of a substitutional Co without next Co neighbor is: (1−p)12. Obviously variations of
the concentration p result in a diﬀerent fraction of Co atoms with compensated mo-
ments. Note that, in contrast to the calculation in section 5.2 the accuracy of sample
size and layer thickness does not aﬀect the calculation as long as no self-absorption
perturbs the XANES analysis. For the XANES analysis the normalization of the
spectra has to be considered. With regard to the inset of ﬁgure 5.29 the error bar
can be estimated to be at most 5%.
Despite these uncertainties a large mismatch of a metallic fraction derived from
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SQUID magnetometry and XANES analysis is beyond doubt: Note that equation
5.8 - ignoring diﬀerent atomic moments of metallic and paramagnetic Co atoms -
already leads to a four times larger metallic Co fraction of the SQUID analysis.
Finally some important conclusions can be drawn from these considerations: The
large mismatch of magnetization contribution of metallic cobalt from SQUID magne-
tometry and XANES analysis requires a large fraction of compensated Co moments.
The compensation cannot be due to fractions of cubic CoO. Due to the six times
coordinated lattice site of Co in cubic CoO the valence of Co is diﬀerent from the
four time coordinated wurtzite site. Consistently the Co K-edge XANES of cubic
CoO diﬀers signiﬁcantly from Co2+ embedded in wurtzite ZnO. Thus a high frac-
tion of cubic CoO in sample 080312a(HV) can be excluded, since it would change
the XANES spectrum. Such a change was discussed previously for the O2-annealed
sample, which revealed a Co3O4 fraction. A similar change of the XANES spectrum
can be presumed for a possible fraction of ZnCo2O4, due to the higher valence of the
Co atoms [170]. Therefore the compensated Co moments have to be on Zn-cation
lattice sites in a ZnO wurtzite environment. Recently published results of wurtzite
type CoO nanoclusters embedded in ZnO can explain why such a phase separation
is not detected by XRD [174]. Wurtzite type CoO is reported to be magnetically
inactive [175, 176], thus suitable to explain discrepancies concerning the amount
of metallic Co in sample 080312a(HV) derived from SQUID and XANES analysis.
Note that the previous discussion of compensated moments (see also section 5.2) due
to a statistical distribution of the Co2+-ions on cation sites fades to the discussion
of phase separated CoO in wurtzite structure.
In the ﬁnal part of this section the results of magnetic resonance measurements of
the HV-annealed samples shall be addressed. The presentation of the results will
be mainly limited to a phenomenological description. A possible explanation of the
signal will be given in section 5.6.
In ﬁgure 5.30 the change of the ESR spectrum of a 10% Co doped sample (080122)
at T = 300 K after a HV-annealing procedure (450 ◦C, 30 minutes) is shown. Note
the large ﬁeld range of the spectra from 0 mT to 600 mT. Figure 5.30 a) suggests
an extremely broadened line in the spectrum of the HV-annealed sample. Superim-
posed one can ﬁnd: i) the paramagnetic centers of the substrate which illustrate that
the samples were identically oriented for both scans, ii) the broad central resonance
around g = 2 (≈ 337 mT) which has been discussed in a prior section (5.4) and
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Figure 5.30: Altered magnetic resonance spectrum of sample 080312 after HV-
annealing. No additional resonance signal is obvious but a changed shape of the
total spectrum. Narrow resonance signals belong to paramagnetic signals of the
substrate and prove the proper alignment of the samples.
is assigned to superparamagnetic cluster ensembles. The lower plot b) is taken in
the perpendicular geometry. At ﬁelds up to ≈ 300 mT the annealed sample shows
a more pronounced negative slope, which is very faint also visible in the as-grown
sample. At higher ﬁelds the gradient of the spectrum of the annealed sample is
positive in b) in contrast to the θ = 0 spectrum. These phenomenological results
are representative for the angular dependence of the ESR spectra of HV-annealed
samples grown at reduced O2 pressure: A change of the shape of the spectra can be
observed but an ordinary angular dependency of an additional magnetic resonance
line is not visible. In particular no crossing of the g = 2 (“ω
γ
”) ﬁeld value (≈ 337 mT)
can be observed. The HV-annealing procedure seems to enhance a behavior which
is already present in the as-grown sample, since slight changes of the slope are also
observable in the as-grown sample but much less pronounced.
Figure 5.31 shows an alternative evaluation of the data obtained from sample
080122 and its HV-annealed version at T = 5 K. Generally the zero line during the
148 EXPERIMENTAL RESULTS FOR Co:ZnO






















0 200 400 600 800

















0 200 400 600





0 200 400 600
0°


















Figure 5.31: a) Angular dependent spectra measured of the as-grown sample 080122.
All visible resonances can be found in the sapphire substrate, cavity or cryostat. b)
Similar measurement after HV-annealing. A clear change in the shape of the spectra
is visible. Superimposed one can guess a faint angular dependent feature. c) Residual
signal after subtraction of an averaged signal. A broad resonance with a uniaxial
angular dependence becomes visible. d) Angular dependent resonance ﬁelds of the
signal in c). The line shape varies very much and the line vanishes partly in the zero
ﬁeld. The given error bars are estimated. The blue curve is a guide to the eye.
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magnetic resonance measurements was satisfactory, besides the well known features
from sample holder and cavity. Therefore a background subtraction was often ob-
solete. A respective plot of the as-grown sample is shown in ﬁgure 5.31 a). The
HV-annealed samples turned out to be diﬀerent in that respect, since they reveal a
strongly altered background which changes only slightly with the sample angle as
shown in b) for sample 081122a(HV). The change is similar to what was discussed
before (ﬁgure 5.30) at a temperature of 300 K. In particular the resonance curve
at lower ﬁelds shows a steady negative slope from 0 mT up to roughly 350 mT.
A steady background drift can be excluded, due to the signal at high ﬁeld values,
which is again close to the zero line. To derive further information and to reveal
eventual hidden signals an isotropic background signal was subtracted from the data
of plot b). The respective curve was generated by averaging over all scans. After
subtraction of this averaged spectrum, angular dependent features in the spectra
are expected to be pronounced due to suppressed isotropic contributions. In part
c) of ﬁgure 5.31 the derived residual angular dependent features are shown. Besides
the narrow paramagnetic resonance from the sapphire substrate, a very broad line
with clear uniaxial angular dependence is visible. The FWHM can be estimated to
be about 300 mT, but since the line shape varies with the angle one has to assume a
large uncertainty. In ﬁgure d) respective resonance ﬁeld values are plotted for angles
from θ = 0◦ to 180◦. The missing data points from θ = 60◦ to 120◦ result from the
fading of the line and possibly partly disappearance in zero ﬁeld. The blue curve is
a guide to the eye. The changing size of the given error bars reﬂect the fading of
the signal from 60◦ to 120◦.
The similar procedure as described above has been applied to the data of the
as-grown sample. The resulting residual spectra did not reveal a credible angular
dependent resonance signal.
The strong angular dependence of the line shape itself in ﬁgure 5.31 suggests a su-
perposition of several individual components with resonance ﬁelds in the respective
ﬁeld range. The same analysis was used for the spectra taken at T = 300 K. Also in
this case a clear angular dependent signal can be derived (not shown) but the shape
of the resonance curve is poor. It is neither a Gaussian nor Lorentzian and changes
strongly with the angle - much more than for the T = 5 K data.
Better results at T = 300 K were obtained for the sample 080312 which was also
annealed similarly under high vacuum conditions. Its magnetization behavior has
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Figure 5.32: Magnetic resonance signal in sample 080312 after HV-annealing and
subtraction of an averaged background. The right plot shows the very detailed an-
gular measurements at T = 300 K, clearly revealing a uniaxial dependency of the
broad resonance. Narrow paramagnetic resonances of the substrate are superim-
posed. The left plot shows exemplarily derived values of the resonance ﬁeld for the
measurement shown on the right (black symbols). Low temperature values are addi-
tionally plotted (red symbols). Due to the heavily distorted shape of the resonance
features error bars up to 50 mT are shown.
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already been presented in ﬁgure 5.25 and is qualitative similar to sample 080122.
The very detailed angular dependent scan of spectra after subtraction of an averaged
background is shown in ﬁgure 5.32 on the right. The left part of the ﬁgure shows
exemplarily values of the resonance ﬁelds. Due to the poor line shape error bars for
the resonance ﬁeld up to 50 mT are assumed.
The angular dependent spectra taken at T = 5 K of the HV-annealed version of
sample 080312 - analyzed similarly - also reveal a uniaxial broad resonance (not
shown). A uniaxial shift of a resonance with a FWHM of about 300 mT is visible.
The respective resonance ﬁeld values are additionally plotted (red symbols) in the
left part of ﬁgure 5.32.
Assuming a ferromagnetic behavior one should expect the anisotropy to increase
with decreasing temperature. This would mean higher resonance ﬁelds in the out-
of-plane case and lower values for the in-plane case. Instead the low temperature
resonance ﬁelds seem to be systematically at lower ﬁeld values. However, within the
error bars no ﬁnal conclusion can be made. The as-grown version of sample 080312
was used for a similar analysis but no angular dependent features were found.
In summary, after HV-annealing the samples 080122 and 080312 show a very broad
magnetic resonance from T = 5 K up to T = 300 K superimposed on an isotropic
spectrum. The high uniaxial anisotropy and the temperature dependence of the
resonance ﬁeld are in agreement with an enhanced fraction of metallic Co in the
HV-annealed samples as it was also found by XANES and SQUID analysis.
5.6 (Blocked) Superparamagnetic powder inter-
pretation of isotropic ESR spectra contribu-
tions
One of the remaining questions concerning the RMS grown Co:ZnO samples of re-
duced quality is why magnetic resonance is hardly capable of observing the magneti-
zation which is visible by SQUID -magnetometry. As shown in section 5.5 a uniaxial
magnetic resonance in HV-annealed samples becomes visible only after subtraction
of an isotropic signal. This section will try to give an explanation for this isotropic
signal.
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Figure 5.33: Simulation of powder spectra. The upper plot shows the eﬀect of
increasing anisotropy of the paramagnetic centers by varying g⊥ and g‖. In the
lower plot solely the linewidth was changed.
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Figure 5.33 shows various simulated powder spectra, as introduced in section 1.3.2.
The simulations were calculated with the ESR simulation software package XSOPHE
[177], which performs a numerical integration according to equation 1.34. The spec-
tral shape develops due to the random distribution of orientations of the crystallites.
The powder spectrum represents a weighted superposition of all possible resonance
ﬁelds, since the resonance ﬁeld of paramagnetic centers depends on the orientation
of the crystallites.
In the upper plot a) the anisotropy has been varied by diﬀerent g⊥/‖. As already
shown in ﬁgure 1.3 for high anisotropies the low resonance ﬁeld value becomes dom-
inating and the line shape looks almost like the ﬁrst derivative of a Gaussian. For
smaller anisotropies the negative dip at low ﬁelds becomes damped and a dip at the
higher resonance ﬁeld evolves.
In the lower part of ﬁgure 5.33 the linewidth of the individual signal was varied.
The lower and upper resonance ﬁelds were kept constant at values of 150 mT and
500 mT, which correspond to g-values of 6.7 and 1.4 at X-band frequency. For large
linewidths and large anisotropies the spectra can partly disappear in zero ﬁeld. In
case of narrow linewidths the resonance ﬁelds can be clearly identiﬁed by the peaks
or dips, respectively.
Additionally, in ﬁgure 5.33 b) the averaged low temperature ESR spectrum of a
high vacuum annealed 10% doped Co:ZnO sample (080122a(HV)) is plotted. As
described in section 5.5 this spectrum was subtracted from individual spectra to
identify angular dependent features. In turn, this means that the curve derived
from averaging over all angles emphasizes isotropic features. Disregarding the back-
ground signal of the cavity (around 330 mT) and a broad peak (around 150 mT)
typical for sapphire substrates the spectrum qualitatively resembles a powder spec-
trum.
This similarity can be understood considering the derivation of the powder spectrum
(chapter 1). In equation 1.34 the resonance condition of a paramagnetic center was
inserted. In principle this simply reﬂects a magnetic moment with a hard- and easy
axis — a description which can also account for nanoclusters. Even without explic-
itly solving the Landau-Lifshitz equation, the angular dependence of the resonance
condition of a nanoparticle can be understood as follows:
If there is no easy axis the magnetization direction of a nanoparticle can be oriented
arbitrarily. In case of an external ﬁeld the magnetization will be oriented along the
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Figure 5.34: Comparison of isotropic ESR signals. After HV annealing the spectra
show a much pronounced slope. At T = 300 K a maximum is present in the ﬁeld
range, indicative for reduced anisotropy of blocked clusters. Note: spectra are not
to scale.
ﬁeld direction, even for smallest ﬁelds. In principle, the resonance ﬁeld of all such
nanoparticles is similar, i.e. Bres = ωγ . This is the case for ideal superparamagnetic
nanoparticles.
In case of a magnetic anisotropy, i.e. an easy axis, the situation changes, since an ex-
ternal ﬁeld has to align the magnetization direction against the intrinsic anisotropy
of the nanoparticle. This happens more easily for ﬁeld directions close to the easy
axis than perpendicular. Thus the resonance ﬁelds will not change a lot for small
angles between easy axis and external ﬁeld. In turn large angles between easy axis
and external ﬁeld will result in high resonance ﬁelds with strong angular depen-
dence.
Thinking of an ensemble of randomly oriented easy axis the latter scenario has all
the requirements needed for a powder spectrum, as it is described in chapter 1.
The issue of ferromagnetic resonance of an ensemble of nanoparticles with randomly
distributed anisotropy axes has recently been treated in more detail [178].
Figure 5.34 ﬁnally corroborates the above considerations. It compiles spectra of
HV-annealed and as-grown samples (080122) at temperatures of 5 K and 300 K.
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For better visibility the spectra have been smoothed to remove distracting features
like paramagnetic impurities. Qualitative comparison of the spectra yields some
valuable insights:
Taking into account the above model for a powder spectrum consisting of blocked
magnetic moments of clusters one would expect the spectral shape to change with
temperature. The anisotropy of ferromagnets is expected to decrease with increas-
ing thermal excitation. In principle this eﬀect is modeled in ﬁgure 5.33. The ESR-
spectrum taken of the HV-annealed sample (080122) in ﬁgure 5.34 at T = 5 K (black
curve) and T = 300 K (red curve) reﬂects this behavior. The black arrows show in
particular: A peak at low ﬁelds for T = 300 K which is not visible in the T = 5 K
data (shifted to zero ﬁeld), an enhanced minimum for the T = 300 K curve. While
the temperature related shifting of the ﬁrst peak is understandable straight forward
(reduced anisotropy), the enhanced minimum around 350 mT needs additional con-
siderations. It cannot be the minimum occurring due to the high resonance ﬁeld
of the powder spectrum, since one would expect ﬁrst a dip originating at the low
resonance ﬁeld. The latter in turn is expected to be reduced with smaller anisotropy,
i.e. for higher temperatures (see ﬁgure 5.33 a)).
The origin of the pronounced minimum becomes evident considering the T = 300
K spectrum of the as-grown sample, which shows a central peak originating form
superparamagnetic clusters as discussed in section 5.4. Therefore the minimum of
the HV annealed sample at T = 300 K in ﬁgure 5.34 is likely to be the superposition
of the low ﬁeld dip of the powder spectrum and the superparamagnetic resonance.
Consequently, the 5 K spectra of annealed and as-grown samples resemble each other
much more than the 300 K spectra do, since the superparamagnetic contribution is
not. Nevertheless the HV-annealed version of sample 080122 has an enhanced slope
and indicates a faint broad minimum around 350 mT. In addition, in ﬁgure 5.34 a
spectrum of a sample of high structural quality is shown, without any indications
of a spectrum of blocked clusters.
These results suggest – in agreement with SQUID and XANES analysis – that
the metallic clustering in samples grown at reduced oxygen partial pressure is en-
hanced by HV-annealing. It might lead to either improved structural properties
of the clusters or simply to growth of the clusters, which both lead to improved
ferromagnetic-like properties, as e.g. higher TCs, of the individual particles.
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5.7 Discussion: Co:ZnO
The dilute magnetic semiconductor Co:ZnO was the focus of the present work. A se-
ries of samples was grown by RMS. In addition to a structural examination by XRD
the material was characterized by synchrotron measurements at the ESRF. The XLD
gives valuable insight of the local structural environment of Zn and Co cations. A
characteristic XLD pattern of Co2+ could be evaluated quantitatively yielding more
than 95% of Co atoms substituting Zn in high quality ﬁlms. The structural quality
of the samples grown by RMS is comparable with the best Co:ZnO samples grown
by PLD .
A detailed magnetic characterization of high quality ZnO doped with 10% Co by
SQUID, ESR, and XMCD was conducted. Contrary to many reports in the liter-
ature e.g. [22, 26, 179] no room temperature ferromagnetism was found. Instead
paramagnetic behavior of dopant and host has been proven [24]. Magnetic resonance
measurements reveal an intense line broadening of the Co2+ single ion spectra, pre-
sumably caused by dipolar interactions present in Co:ZnO for high concentrations
of Co2+.
For a 10% Co doped Co:ZnO sample the eﬀective magnetic moment per Co atom has
been determined independently from SQUID and XMCD measurements. The re-
duced eﬀective magnetic moment derived from SQUID measurements reveals about
70% of the Co moments to be compensated. Assuming a random, statistical dis-
tribution of the Co atoms on cation lattice sites, only 28% of the Co atoms are
without at least one next Co cation neighbor. An antiferromagnetic coupling be-
tween next cation neighbor Co atoms can account for the reduced magnetic moment,
since also higher orders of Co next cation neighbor conﬁgurations presumably have
either compensated or strongly reduced magnetic moments. Thus the magnetic mo-
ment of high quality Co:ZnO can be quantitativly understood by considering the
statistical concentration of Co atoms on cation lattice sites without next Co cation
neighbor. A deviation from the optimal growth condition, e.g., reduced oxygen par-
tial pressure, is shown to not only reduce the structural quality but also to induce
ferromagnetic-like signatures. Coercivity and remanence and separation of FC/ZFC
curves increase with oxygen deﬁciency. The reduction of the percentage of substitu-
tional Co, as measured by XLD can be correlated to the onset of ferromagnetic-like
signatures. A low temperature maximum of ZFC curves in M(T) measurements
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indicate blocking of magnetic supermoments (i.e. metallic clusters) as origin of the
observed behavior.
Magnetic resonance measurements of Co:ZnO samples grown under oxygen deﬁ-
ciency show similar spectral features as Co/CoO core shell nanoparticles: At low
temperature the absence of any angular dependent signal is indicative of magneti-
cally blocked clusters, whereas at room temperature a broad resonance with uniaxial
anisotropy is typical for a superparamagnetic ensemble with dipolar coupling.
The shape of an isotropic signal of the low temperature ESR spectra of these samples
are shown to be consistent with the perception of a blocked ensemble of superpara-
magnetic clusters with randomly oriented uniaxial anisotropies.
In the case of one sample grown on r-plane sapphire severe metallic precipitations
cause ferromagnetic resonance spectra with high anisotropies down to 5 K. Neither
SQUID nor ESR measurements indicate a blocking behavior. Temperature depen-
dent shifts of the resonance ﬁeld are observed and corroborate a ferromagnetic origin.
XANES and XMCD spectra consistently show strong signatures from the metallic
Co phase in this sample.
Finally, O2 and HV-annealing experiments were performed at temperatures up to
450 ◦C. Structurally high quality Co:ZnO, with Co2+ being almost completely on
substitutional sites, was shown to be practically inert to HV-annealing.
In samples grown under oxygen deﬁciency ferromagnetic-like behavior could be fully
removed by O2-annealing. XANES analysis revealed a large fraction of Co3O4 after
O2-annealing. HV-annealing in turn resulted in improved ferromagnetic-like prop-
erties. Element speciﬁc structural investigations show that this is only caused by
Co atoms on non substitutional sites. The HV-annealed samples reveal broad mag-
netic resonance signatures with uniaxial out-of-plane anisotropy superimposed on
signals known from magnetically blocked or superparamagnetic clusters. Estimates
for a metallic cobalt phase from XANES analysis and SQUID magnetometry yield
diﬀerent results which can be understood by assuming a high fraction of magneti-
cally inert Co, as it was also found in best structured samples. In turn, the altered
ferromagnetic-like properties have to be attributed to improved magnetic properties
of a metallic Co phase and the respective clusters.
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Summary
The two wide band gap DMS Gd:GaN and Co:ZnO were the focus of the present
work. Room temperature ferromagnetism, as frequently claimed theoretically and
experimentally, is up to now under debate. Clariﬁcation is of high technological
interest, since this property would make both materials candidates for potential
spintronic applications.
Two types of Gd:GaN ﬁlms were under investigation, fabricated either by FIB im-
plantation of GaN or grown by MBE . Ferromagnetic-like behavior up to room tem-
perature, as it was found by SQUID in implanted ﬁlms grown on SiC, could not
be reproduced with GaN ﬁlms grown on sapphire implanted with similar Gd doses.
Both sets of samples are of comparable structural quality. Within this work, no
conclusive explanation for these contradictory results could be found.
Synchrotron measurements on a MBE grown sample, which indicate room tempera-
ture ferromagnetism as measured by SQUID, yield element speciﬁc insight into the
magnetic properties. An s-shape, (super-)paramagnetic-like M(H) curve measured
by XMCD at the Gd-L3 edge reveals the magnetic behavior of the Gd dopant to be
independent of the ferromagnetic-like integral magnetic behavior.
In addition, a possible host matrix polarization has been investigated. XMCD mea-
surements at the Ga K-edge reveal a very small polarization, which is at least one
order of magnitude too low to account for the total magnetization. Low temperature
ESR spectra indicate a fraction of ferromagnetic nanoclusters, probably composed of
phase separated Gd and GdN. The inﬂuence of these phases on the element speciﬁc
M(H) curves can be described by superimposed Brillouin and Langevin functions.
In summary ESR , XMCD and a majority of SQUID measurements cannot corrobo-
rate room temperature ferromagnetism in Gd:GaN. Instead paramagnetic behavior
of the dopant is found. In view of contradictory SQUID measurements on some
samples, which suggest ferromagnetism at room temperature, two points should
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be considered: i) Sample contamination during growth or afterwards. ii) Artifacts
caused by the SQUID magnetometer.
Co:ZnO was predominantly grown by reactive magnetron sputtering in a newly
build UHV system. Composite sputter targets with 90% Zn and 10% Co resulted
in Co:ZnO samples with a dopant concentration close to 10%. XLD measurements
show 95% of the Co to be incorporated on Zn substitutional sites as Co2+, in case
of optimized growth conditions. These samples show a paramagnetic like behavior
down to 5 K which can be described by a Brillouin function.
A reduced total magnetization as measured by SQUID can be explained by compen-
sated moments due to antiferromagnetic coupling of Co moments occuring according
to random statistical dopant distribution on cation sites. ESR spectra of Co2+ in
these samples are intensely broadened due to dipolar interactions caused by the high
dopant concentration.
RMS growth of Co:ZnO under reduced oxygen partial pressure is shown to lead to
magnetic signatures typical for phase separated clusters. SQUID measurements re-
veal FC/ZFC separation and M(H) hysteresis loops up to room temperature. Max-
ima in ZFC measurements indicate blocking of magnetic (super-)moments. ESR
signals are observed only at elevated temperatures (> 60 K) which is typical for en-
sembles of unblocked superparamagnetic nanoparticles. Depending on the density
of superparamagnetic moments a uniaxial anisotropy occurs due to dipolar interac-
tion. XLD consistently shows a reduced fraction of substitutional Co. XANES and
XMCD measurements ﬁnally corroborate a enhanced metallicity in these samples.
Therefore the ferromagnetic-like properties are due to extrinsic origins and not in-
trinsic to this material.
Further clariﬁcation of the nature of phase separation in Co:ZnO was gained by
annealing experiments. The samples grown in oxygen deﬁcient atmosphere were
heated up to 450◦ C either under HV or O2 atmosphere. In case of HV-annealing
a strong increase of the ferromagnetic-like properties, as measured by ESR and
SQUID, is accompanied by hardly any change of the XLD at the Co K-edge. There-
fore the ferromagnetic-like properties of these Co:ZnO ﬁlms are governed by non-
substitutional Co atoms. O2-annealing in turn resulted in a collapse of the ferro-
magnetic properties. As can be deduced from XANES spectra the formation of the
Co3O4 spinel is induced. Also after this treatment the XLD at the Co K-edge is
hardly aﬀected. Samples of high structural quality were also subject to annealing
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procedures. Hardly any eﬀect on the magnetic and structural properties was ob-
served. These results prove the substitutional Co2+ ions to be practically inert to
the annealing procedure, whereas non-substitutional Co is strongly aﬀected.
Considering the results of this work ferromagnetic-like behavior at least in 10%
doped Co:ZnO is caused by secondary phases, whereas the intrinsic magnetic prop-
erty of the homogeneous system is paramagnetism.
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Outlook
Ferromagnetic signatures are found in both Gd:GaN and Co:ZnO. Even though the
origin of the spin polarization is not intrinsic, the technological relevant carrier spin
polarization might be achieved. The ﬁndings of this work oﬀer recipes to tailor prop-
erties of precipitations far below the detection limit of conventional XRD analysis.
Scattering events in such two phase materials will counteract the persistence of spin
polarization, therefore a spin polarization will probably depend on cluster sizes and
distributions. Another important aspect concerning all kinds of DMS is co-doping.
In particular ZnO is known to be intrinsically n-type, which is valid for all samples
of this work. The role of hydrogen as shallow donor has recently come into focus of
research eﬀorts [180]. Theoretical claims of hole-mediated long range magnetic order
are diﬃcult to verify experimentally, since p-type ZnO has been rarely produced so
far. Most reports on p-type ZnO are based on N-doping, but also As or P seem
to be feasible as dopant [43]. p-type Co:ZnO is certainly worth to be investigated
in the future. Moreover the use of co-doping to create metallic-like n-type samples
might be promising, since ferromagnetism has been reported to evolve from carrier
concentrations above 1020 electrons/cm3 [181]. Carrier concentrations of Co:ZnO
sample investigated in this work are in the rage from 1017 to 1019 and no ferromag-
netic transport signatures are found [182].
The goal of ESR measurements within this work was predominantly to identify
additional magnetic phases after incorporation of the dopant in ZnO or GaN, re-
spectively. This was successfully achieved in particular for the Co2+-ion, blocked
clusters with supermoments, and unblocked supermoments, partly showing dipolar
interactions. ESR can also oﬀer valuable information concerning the interactions
by analyzing the line shape. Future studies should to be conducted on either much
thicker ﬁlms, containing more material, or samples with lower dopant concentra-
tion, since intense line broadening aggravates measurements on 10% doped Co:ZnO.
163
164 Outlook
Such samples would also be suitable for multi-frequency ESR measurements for e.g.
thorough g-factor studies.
Moreover the role of phase separated CoO and Co3O4 should be investigated. In
particular CoO is of interest, since it has been recently shown by synchrotron mea-
surements to exist also in the wurtzite phase [174]. Up to now the knowledge about
nanoscopic clusters of these phases embedded in a crystal matrix is very limited and
the respective investigations remain challenging.
Appendix A
Calculation of the Co2+-ion in ZnO
Starting from the free d7-ion the calculation of Co2+ in ZnO ﬁrst needs to con-
sider the diﬀerent orders of magnitude of the energies of the Hamiltonian. The
HCoulomb ≈ 100eV > HCF−tetra. ≈ 10−1eV > HCF−trig. ≈ 10−2eV
> HS−O ≈ 10−3eV > HZeeman ≈ 10−4eV
second and third term are treated separately by group theory. Figure A.1 shows
the description of the tetrahedrally bound cobalt within a cube, assuming a perfect
tetrahedron. If the coordinate system is chosen that way that the Co2+ is placed in
the origin, the ligand positions are given by (a,-a,a), (a,a,-a),(-a,a,a) and (-a,-a,-a),
with
√
3a2 = d=next neighbor distance. Within the point charge approximation the
resulting potential can be calculated by summing up the Coulomb contributions of
the four ligands. A conversion of this potential into spherical harmonics enables the
description of the wave functions of the free ion and the potential by the same basis.
The symmetry of the potential is referred to as Td. It consists of 8 rotations around
a threefold axis (C3), two rotations around a twofold axis (C2), 6 rotation reﬂections
(S4) and 6 diagonal reﬂexions (σd). This symmetry is then compared to the sym-
metry of the 4F degenerate ground state of the free ion. It can be shown by group
theory [183] that this symmetry properties of the potential lead to a splitting of the
degenerate energy levels of the free ion. In particular the irreducible representation
yields one orbital singlet (A2) and two triplet states (T1 and T2).
The Co2+ is not perfectly tetrahedrally bound, but slightly contracted along the
c-axis. Therefore a trigonal ligand ﬁeld component has to be considered. The sym-
metry of the trigonal distortion is described by a C3v point group. It solely aﬀects
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Figure A.1: Tetrahedral crystal ﬁeld description
the triplet states and leads to splitting into doublet and singlet states [184].
Finally the last application of the group theory concerns the spin-orbit coupling. For
this the double group concept by addition of the spinor has to be used. As depicted
in ﬁgure 1.2 this reduces the degeneracy of the Co2+-ion in ZnO to 14 solely spin
degenerate states
For magnetic resonance measurements only the lowest two states – both Kramers
doublets – are relevant.
The standard treatment of 3d-ions in an intermediate crystal ﬁeld would be to ap-
ply perturbation theory according to the orders of magnitude as it is given in A.
However in case of Co2+ in ZnO the spin-orbit coupling and the Zeeman splitting
are of the same order of magnitude. In particular the splitting of the S=1/2 and
S=3/2 lowest energy Kramers doublets are only 0.7 meV separated [55]. Respective
problems and modiﬁcations for the application of perturbation theory are mentioned
by [185, 186].
A proper derivation of the spin Hamiltonian HSpin = HS−O +HZeeman by perturba-
tion theory yields[187]:





DS(S + 1) + . . . (A.1)
The last term 1
3
DS(S+1)+ . . . and all further terms simply causes constant energy
shifts. The most common form of the Hamiltonian to describe Co2+ in ZnO is
therefore given by:
Hspin = µBg‖HzSz + µBg⊥(HxSx +HySy) +DS
2
z (A.2)
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The two g-factors g‖ and g⊥ and the zero ﬁeld splitting D therefore suﬃce to de-
scribe the system. These values contain the inﬂuence of the crystal ﬁeld and the








ν ′(1 + 4∆
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In these formulas a reduction of the orbital coupling parameter λ is accounted for
by the dimensionless parameter k, the isotropic g value is denoted by ge and ∆, ν
and ν ′are the parameter for the description of the crystal ﬁeld [188]. B is the Racah
parameter [189]. If the external magnetic ﬁeld is applied along the z-direction A.2

























The respective eigenstates are described by the quantum numberms=-3/2...+3/2.






















As one can see from ﬁgure A.3 for high magnetic ﬁeld the ground state of the
ion will change form the ms=-1/2 to the ms=-3/2. At suﬃcient low temperatures
and/or suﬃcient high external ﬁelds a respective magnetization step is observable
[190].
If the c axis is oriented perpendicular to the external ﬁeld the Hamiltonian A.2
contains non diagonal elements due to the application of ladder operators 1.
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(A.5)
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Figure A.3: Energy levels of Co2+ for H ⊥ c. Energy values refer to the case D=0.
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Appendix B
Sample overview
type/ Gd content substrate structure growth annealing
signature orientation
Gd:GaN 2.9% Al2O3 wurtzite MBE, N-plasma
J0174 (sapphire) (0001) assisted
Gd:GaN nom. 2·1019 6H-SiC wurtzite MBE, NH3-ass.
2492 Gd/cm3 (0001) assisted
Gd:GaN 1·1020 6H-SiC wurtzite MBE, NH3-ass.,
2570-3 Gd/cm3 (0001) Gd3+ FIB
Gd:GaN 1·1020 6H-SiC wurtzite MBE, NH3-ass., rap. therm.
2570-3a Gd/cm3 (0001) Gd3+ FIB 900◦C, 30 sec.
Gd:GaN 1·1018 6H-SiC wurtzite MBE, NH3-ass.,
2570-2 Gd/cm3 (0001) Gd3+FIB
Gd:GaN 1·1016 6H-SiC wurtzite MBE, NH3-ass.,
2570-1 Gd/cm3 (0001) Gd3+FIB
GaN - 6H-SiC wurtzite MBE, NH3-ass.,
2570-0 (0001)
Gd:GaN 1·1020 Al2O3 wurtzite MBE, NH3-ass.,
N736h Gd/cm3 (sapphire) (0001) Gd3+FIB
Gd:GaN 1·1019 Al2O3 wurtzite MBE, NH3-ass.,
N736i Gd/cm3 (sapphire) (0001) Gd3+FIB
GaN - Al2O3 wurtzite MBE, NH3-ass.,
N736 (sapphire) (0001) Si:GaN buﬀer
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type/ Co content substrate structure growth annealing
signature ( Ar:O2 )
Co:ZnO nomin. 10% Al2O3 wurtzite RMS (reac. mag.
080122 (sapphire) (0001) sputtering)(10:0.5)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS HV, 450◦C
080122a(HV) (sapphire) (0001) (10:0.5) 30 min.
Co:ZnO nomin. 10% Al2O3 wurtzite RMS O2, 450◦C
080122a(O2) (sapphire) (0001) (10:0.5) 30 min.
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
080124 (sapphire) (0001) (10:0.4)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
080128 (sapphire) (0001) (10:1)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
080312 (sapphire) (0001) (10:5)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS HV, 450◦C
080312a(HV) (sapphire) (0001) (10:5) 30 min.
Co:ZnO nomin. 10% Al2O3 wurtzite RMS O2, 450◦C
080312a(O2) (sapphire) (0001) (10:5) 30 min.
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
080131 PIXE: 9.5% (sapphire) (0001) (10:1)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
080428 (sapphire) (0001) (10:1)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS HV, 450◦C
080428a(HV) (sapphire) (0001) (10:1) 30 min.
Co:ZnO 5·1019 ZnO wurtzite Co+ FIB implanted,
S0003-2 Co/cm3 (0001) (0001) ≈100 nm
Co:ZnO 1·1020 ZnO wurtzite Co+ FIB implanted,
S0003-3 Co/cm3 (0001) (0001) ≈100 nm
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
071115 (sapphire) (0001) (10:0.6)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS HV, 450◦C
071115a(HV) (sapphire) (0001) (10:0.6) 30 min.
Co:ZnO nomin. 10% Al2O3 wurtzite RMS O2, 450◦C
071115a(O2) (sapphire) (0001) (10:0.6) 30 min.
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type/ Co content substrate structure growth annealing
signature ( Ar:O2 )
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
071026 (sapphire) (0001) (8:1)
Co:ZnO nomin. 5% Al2O3 wurtzite RMS
080922 (sapphire) (0001) (10:0.8)
Co:ZnO nomin. 10% Al2O3 wurtzite RMS
080917 (sapphire) (0001) (10:0.5)
Co:ZnO nom. 1% none wurtzite chem. vapor
RU-1% AAS: 2.8% nanopowder synthesis (CVS)
(<12 nm>)
Co:ZnO nom. 5% none wurtzite chem. vapor
RU-5% AAS 11% nanopowder synthesis (CVS)
(<18 nm>)
Co:ZnO nom. 10% none wurtzite chem. vapor
RU-10% nanopowder synthesis (CVS)
(<18 nm>)
Co:ZnO nomin. 5% r-Al2O3 wurtzite pulsed laser
ZOC5164 (sapphire) r-plane(01-12) deposition
Co:ZnO nomin. 10% Al2O3 wurtzite pulsed laser
SC042807B PIXE: 10.8% (sapphire) (0001) deposition, oﬀ axis
Co:ZnO nomin. 10% Al2O3 wurtzite pulsed laser
SC042807C (sapphire) (0001) deposition, oﬀ axis
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Appendix C
Preparation Chamber
The preparation chamber used for this work is equipped with in total 7 magnetrons.
Four magnetrons for 2 inch targets are placed in one quarter-circle of the cylindri-
cal chamber (ﬁgure C b)). Since only one of these sources can be used at a time
Co:ZnO has to be sputtered from composite targets. A respective magnetron sta-
tion is sketched in ﬁgure C a). The sputter gas Ar as well as the reactant O2 can
be injected through the chimney of the magnetron by an inlet close to the plasma.
Puriﬁer and mass ﬂow controllers outside the chamber ensure the control of the gas
composition (not yet installed in C d)).
For preparation the sample is ﬁxed in a sample holder and mounted face down on
a rotatable baseplate. Hereby each magnetron position can be accessed. Shadow
masks can be placed on the baseplate for patterning of the samples.
During preparation the sample is heated from the backside across the sample holder 1.
The heaters themselves are mounted from the top by adjustable metal rods con-
nected to a feedthrough for the thermo couple and current supply. Details of the
heater system are given in appendix D.
All magnetrons are equipped with pneumatic shutters to assure precise control of
the exposure times of the substrate.
In addition the chamber contains three more 1.5 inch magnetrons and an ECR
plasma source. These magnetrons are mounted on a cluster ﬂange suitable for si-
multaneous co-sputtering.
The system is pumped by an ion getter pump, a Ti sublimation pump and a turbo
1The sample holder can also be mounted on the baseplate up side up. This directly exposes the
sample to the heat radiation, e.g. for annealing purposes.
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Figure C.1: a) Sketch of one magnetron sputter position in the preparation cham-
ber. b) 4 magnetron stations c) open chamber with lifted top part d) magnetron
preparation positions from the outside. Pictures were taken during installation of
the system. Therefore not visible: Shutter plates in b) and heaters in c). Gas
connections in d) are not installed yet.
pump with a scroll pump as prepump. The base pressure is in the low 10−9 mbar
range. During preparation the ﬁrst two pumps are isolated from the system by
a gate valve and the working pressure (≈ 10−4 mbar) is stabilized by mass ﬂow
controllers and a throttle valve to adjust the pumping speed of the turbo pump.
Appendix D
Heater system
Within this work a UHV-suitable sample heater system had to be developed. Mount-
ing positions are given by the foreseen feedthroughs and preparation spots as de-
scribed in C. Easy maintenance and reliability of the custom made mounting and
double walled shielding for the heat radiation had to be considered.
The central component of the heating system consist of a commercial available Bo-
ralectric heater manufactured by the Advanced Ceramics Corporation retailed by
TECTRA GmbH 1.
Speciﬁcations:
• vacuum compatibility (UHV compatible)
• very high temperatures up to 2.000 K
• chemically inert and dielectric surface
• very high heating rates (>100◦C/s)
In particular being chemically very inert makes this heater suitable for reactive sput-
tering processes. Three thread hulls were welded on the ﬂange of the feedthrough
and onto the baseplate of the heater. Three 2 mm stainless steel rods with M2
threads could be connected to enable a 3 point stabilization. To assure a height
adjustment each connection was built with two parallel rods guided through a con-
nector. This connector was equipped with screws to ﬁx the individual rod length.
This construction guarantees the required height adjustment, within a small range
a horizontal variability due to possible intended bending of the rods and a suﬃcient
1www.tectra.de
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stiﬀness in case of movements (see also ﬁgure C a)). The latter is a major issue
due to the chamber construction which had foreseen the removal of the whole top
part of the chamber by a crane to have convenient access to all parts in case of a
essentially target change (see ﬁgure C c)).
The baseplate ﬁx both the heat shielding and the heater itself. The latter is con-
nected via isolated tantalum rods that pass through the heat shielding. The double
heat shielding itself consists of two components. The horizontal one is simply real-
ized by a second stainless steel plate below the the baseplate, ﬁxed isolated to the
tantalum rods. The vertical component of the heat shielding consist of a two part
double walled wrapping which can be very easily slipped over the base plate. This
construction enables convenient removal of the vertical heat shielding and therefore
access to all parts of the heater itself.
Four connections from the heater to the feedthrough had to be established. The
current supply is realized by connectors at the tantalum rods. These rods there-
fore fulﬁll stabilization and function purposes, since the heater current is supplied
through this rods. The second connection concenrns the temperature measurement
direktly at the heater. It requires the stable positioning of a thermocouple in a
0.25 mm hole which was drilled horizontally into the heater to enable most precise
temperature measurements (photo in D.1). The two wires of the thermocouple are
guided through a 10 cm ceramic rod with two lead-throughs which extents from the
heater to outside of the heat shielding, passing through a foreseen hole. To stabilize
the horizontal position of the ceramic a little spring is connected to the heat shield-
ing keeping the ceramic in place. Outside of the ceramic the stiﬀness of the K-type
thermocouple is suﬃcient to guide the two wires separately that only the welding
point inside the heater will contribute to the thermo voltage.
For calibration purposes a second thermocouple was installed to measure the tem-
perature at the sample position. Due to the heat capacity of the sample holder,its
connection to other metal parts, and radiation losses the sample position shows a
reduced temperature. The temperature diﬀerence between heater and sample holder
in the temperature range suitable for Co:ZnO preparation is typically 150 ◦C.
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Figure D.1: Mounting and double shielding of heater. The photo shows the con-
struction when the front part of the heat shielding is removed. In the center of the
heater the foreseen hole for the thermocouple (not installed) is visible.
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Appendix E
Bake out system
The preparation chamber described in appendix C is part of a connected UHV multi-
chamber system which enables not only the preparation but also an in situ analysis
of the samples. Part of this work was to develop a central bake-out control for three
UHV chambers.
Requirements:
• power supply of up to 20 kW for three independent circuits
• pressure interlock for each circuit
• individual temperature control of up to 7 heater tape bunches within one
circuit
15 commercially available digital temperature controllers 1 have been installed for
individual control of the heater tape bunches. The temperature is measured by 15
J-type thermocouples ﬁxed at respective positions of the UHV systems. Thus all
relevant parts of the chambers can be set to speciﬁc temperatures during the bake-
out procedure.
The heater tape bunches can be simply plugged in on the backside of the control box
which oﬀers 15 sockets corresponding to the temperature controllers. Additionally
6 uncontrolled sockets are foreseen to connect bake out systems with autonomous
temperature control e.g. turbo- or ion pumps. All 21 sockets are individually fused.
For each of the 3 bake-out circuits a pressure interlock is installed. Since every
chamber is equipped with a separate pressure control, the respective relays of the
1ENDA ETC 1311
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Figure E.1: Inner view of bake-out control
control units are used to interlock the bake-out circuits in case of extreme pressure
increase. The control box needs a three phase current connection. The wiring of
circuits explicitly accounts for a preferably equal weight on each phase.
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Figure E.2: Front view of bake-out control
Figure E.3: back view of bake-out control
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Figure E.4: Wiring diagram bake-out control
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Figure E.5: Wiring diagram pressure interlock
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